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PRODUCT DESCRIPTION

EPRI and the California Energy Commission (CEC), the principle sponsor of this project, have
collected information on potential environmental impacts of chemicals used in California’s
photovoltaic (PV) industry. This report provides an overview of the photovoltaic industry and
includes the types of cells that were manufactured or under development through 2002 and the
chemicals used in the manufacturing processes and final modules. The potential for chemicals
used in PV cellsto be released to air, surface water, and groundwater was considered for the
manufacturing facility, the installation site, and the disposal or recycling facility. Information on
the relative toxicity to human health and biota was obtained for the various chemicals used in the
manufacturing process.

Results & Findings

The greatest environmental risk with silicon cellsis associated with the use of gases (arsine and
phosphine) during the manufacturing process. Thin-film technologies, such as cadmium telluride
cells and copper indium diselenide cells, are being developed to increase conversion efficiency
and decrease production costs. The most likely routes for environmental release of trace elements
are from accidental spills during the manufacturing process. At sites with installed PV modules,
release of trace elements from sealed modulesis unlikely except due to explosion or fire.
Leaching of trace metals from modulesis not likely to present a significant risk due to the sealed
nature of the installed cells and the plan for recycling of spent modules in the future.

Challenges & Objectives

The project’ s objectives were threefold: (1) identify chemicals used as components of PV cells or
in PV cell manufacturing processes and their potential for release into the environment; (2)
determine potential environmental risks, particularly to surface water and groundwater, from the
manufacture and disposal of different types of PV cells; and, (3) identify existing and emerging
PV cell technologies that have relatively lower environmental risks compared to other cell types.

Applications, Values & Use

Information in this report will be used to determine directions for future research activities. In
particular, CEC isinterested in ascertaining information on the relative risks associated with
manufacture and deployment of emerging PV cell technologies. Research results and other
information on the environmental benefits of PV cells are readily available. However, research
results on potential environmental impacts of materials used to produce and manufacture PV
cells are less common. Thisinformation is needed to support reliable estimates of potential
environmental impacts linked to PV-cell life cycles.



EPRI Perspective

The development and use of PV cellsis advancing rapidly. Astheir efficiency improves and unit
costs decrease, PV cells are expected to play an increasing role in energy production in parts of
the United States. This report provides important information for evaluating environmental
performance of competing technologies. It is primarily a summary of information available prior
to 2001 (some sections have been updated to 2003). Since the PV industry is evolving rapidly,
some industry statistics and other information may quickly become outdated. An extensive
reference list, including pertinent websites, is provided for readers interested in more recent
developmentsin the industry. EPRI thanks the California Energy Commission for its sponsorship
of thiseffort.

Approach

The project team collected and reviewed data on manufacturing production volumes, number of
companies producing cells or modules, and their waste quantities. The team analyzed the
potential for health and environmental impacts for a variety of settings at manufacturing plants,
installation sites, and disposal sites. Information on the manufacturing processes and chemicals
used to produce PV cells was provided by experts and obtained from PV journals and trade
associations. The team included in their report an estimate of the number of PV cells produced
and currently being used along with examples of common applications and their life spans.
Information also was obtained on typical industry practices for disposing or recycling of used PV
cells.

Keywords
Photovoltaic cells
Environmental impacts
Toxicity

Disposal

Recycling
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ABSTRACT

This report provides an overview of the photovoltaic industry, including the types of cells that were manufactured or
under development in 2001- 2002, and the chemicals used in the manufacturing processes and final modules. Data
on manufacturing production volumes, number of companies producing cells or modules, and their waste quantities
are given for 2001. Potentia for health and environmental impactsis discussed for avariety of settings at
manufacturing plants, installation sites, and disposal sites. Silicon-based PV cells are by far the most commonly
used. The greatest environmental risk with silicon cellsis associated with the use of gases (arsine and phosphine)
during the manufacturing process. Thin-film technologies, such as cadmium telluride cells and copper indium
diselenide cells, are being developed to increase conversion efficiency and decrease production costs. The most
likely routes for environmental release of trace elements are from accidental spills during the manufacturing process.
At siteswith installed PV modules, release of trace elements from the sealed modulesis unlikely except due to
explosion or fire. Leaching of trace metals from modulesis unlikely to present a significant risk due to the sealed
nature of the installed cells and the plan for recycling spent modules in the future.
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1

INTRODUCTION

Background

Approximately 31 percent of the nation’ s photovoltaic (PV) solar cellsin 2001 were
manufactured in California (EIA, 2002). Cellswere used for both consumer and commercial
applications. Most cells were used for site applications such as the emergency call boxes along
state freeways, and in solar-powered el ectronic devices—about 15% of all the PV cellsmadein
the world go into solar-powered calculators.

EPRI and the California Energy Commission (CEC) agreed to collect information on potential
environmental impacts associated with chemicals used in the photovoltaic industry in California.
Thisinformation will be used to determine directions for future research activities. In particular,
the CEC isinterested in pursuing PV cell technologies with the least potential for toxic chemical
use and associated risks. Research results and other information on the environmental benefits of
PV cells are readily available. However, research results on potential environmental impacts
associated with materials used in the production and manufacture of PV cells are less common.
Thisinformation is needed to support reliable estimates of the potential for environmental
impacts associated with the life cycle of PV célls.

Thisreport was initialy prepared in 2001. Some of the information was updated to 2003, but for
the most part this report is a summary of information available prior to 2001. Because the PV
industry is evolving rapidly, some of the industry statistics and other information in this report
may quickly become outdated. An extensive reference list, including pertinent websites, is
provided for readers interested in more recent developments within the industry.

Objectives

The overall objectives of this project were:

e Toidentify chemicals used as components of PV cellsor in PV cell manufacturing processes,
and their potential for release to the environment

e To determine the potential for risks to the environment, particularly to surface water and
groundwater, from the manufacture and disposal of different types of PV cells

e Toidentify existing and emerging PV cell technologies that have relatively lower
environmental risks, compared to other cell types.



Introduction

Published and unpublished literature describing potential environmental issues associated with
the manufacture and disposal of PV cells was compiled and reviewed. Information on the
manufacturing processes and chemicals used in the production of PV cells was provided by Dr.
Vasilis Fthenakis of Brookhaven Laboratory and obtained from PV journals and trade
associations. An estimate of the number of PV cells produced and currently being used, and
examples of common applications and their life spans are included in this report. Information
was also obtained on typical industry practices for disposal or recycling of used PV cells.
Originally, modeling to predict potential impacts of disposal in landfills was planned as part of
the study. However, no information on the disposal of cells to landfills was obtained, since the
industry is new and most installations last for 20 to 30 years. Thus, modeling would have been
entirely theoretical. The current intent of the industry is to recycle the PV modules to avoid the
potential for environmental effects due to leaching of metals such as cadmium. One method for
recycling key materialsin the photovoltaic industry that shows great potential is‘cradleto
cradle’ recycling. Cradleto cradle recycling involves a product life cycle that encompasses not
only the design, manufacture, and useful life of the product, but also the recycling of the product
into something new. Often, thistype of recycling involves returning the recycled material
directly back into the same technology. This approach may help to reduce the amount of
hazardous waste generated by the photovoltaic industry.

The potential for chemicals used in PV cellsto be released to air, surface water, and groundwater
was considered for the manufacturing facility, the installation site, and the disposal or recycling
facility. Information on the relative toxicity to human health and biota was obtained for the
various chemicals used in the manufacturing process.

Report Organization

An overview of the principles of photovoltaic cells, the types of PV cells, and common PV
module applications are provided in Section 2. The chemicals used in the manufacturing
processes and the typical PV disposal/recycling practices are described in Section 3. The
potential for human health and environmental impacts is discussed in Section 4. References are
provided in Section 5.

1-2
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OVERVIEW OF THE PHOTOVOLTAIC INDUSTRY

Development of Photovoltaic Cells

Photovoltaics involves the conversion of sunlight into direct current (DC) electricity through the
use of thin layers of materials known as semiconductors. The physical processesinvolved in the
conversion of sunlight into electricity include light adsorption, electron transport, and
recombination mechanisms, which are determined by the electro-optical properties of the
material (Moller, 1993).

Thefirst practical photovoltaic cells were developed in 1954 at Bell Laboratories (Chapin et al.,
1954). Thefirst solar cells devel oped were made of silicon, and were used primarily by the space
industry for vehicle and satellite power supplies, beginning in 1958. The material properties and
abundance of silicon made it a desirable choice for the manufacturing of solar cells. Silicon (S)
isafairly cheap and plentiful element, found, for example, as quartz in sand. The properties of
silicon that make it suitable for solar cellsarethat it is an excellent electrical and chemical
insulator, has high electrical resistivity, has arelatively low saturation current density, and can
absorb alarge portion of the solar spectrum. In 1997, 98 percent of photovoltaic modules
produced were made of silicon (Mazer, 1997). Amorphous silicon was first used for PV cellsin
1976. Development of thin film silicon cells began in the late 1970s. Silicon-based concentrator
cellswerefirst used in space, but have recently been adapted for terrestrial applications. Thin-
film cells, such as the cadmium telluride (CdTe) cell, were commercially produced in 2001, but
the PV cell market is still dominated by silicon-based cells.

A typical photovoltaic installation consists of severa small, individual generating units or cells
connected together in agrid. The individual cells are linked to form larger modules (Figure 2-1).
These photovoltaic cells are generally composed of afront metal contact, semiconductor
material, rear metal contact, and wiresto transfer electrical loads. The actual conversion of
sunlight into electricity takes place when photons are absorbed by the semiconductor material in
the part of a photovoltaic cell called the pn-junction (positive/negative-diode) structure. These
regions have either a deficiency of electrons, forming a positive region (p), or a surplus of
electrons, forming a negative region (n), as shown in Figure 2-2. The electrons released when the
energy of the photon is transferred form an electric current, which can then flow to an external
load. Boron istypically added during silica crystal growth to produce the “p” region. Phosphorus
is added to the silicawafer by alowing seepage of a phosphorus solution into a heated silicon
wafer to form the “n” region (Green, 2000). Metal particlesin a paste are then added to form the
top and bottom contact layers. A surface, anti-reflection coating is sometimes added to the top
contact.
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The generic pn-junction in asolar cell isamonolithic structure with two active layers: athin,
heavily doped top layer or emitter, and a thick, moderately doped bottom layer or base (Mazer,
1997). Figure 2-3 shows a cross section of a pn-junction in acrystalline silicon solar cell. When
light hits a cell, photons cause electrons to be released from covalent bonds holding the
semiconductor materials together. The electrons then flow through the pn-junction to aload
completing an electrical circuit. The ideal efficiency of the photonsis reduced by reflection from
the cell, absorption by the metal contacts resulting in conversion to heat, and relaxation of the
photon-excited electrons before reaching the base contact of the cell.

Sunlight
Top side metallization grid
xS <m Anti-reflection coating
4 Crystalline silicon ~1020 cm-3 .
~0.5 <= n* emitter
Lum average phosphorus ~10'8 cm-3
space- ([ [ZZZ¥ T TTooooomomom—mmmmmm o <
charge Metallurgical dividing line
regon | ___ V. ______ for the pn-junction
boron ~1016 cm-3
> <= Optional p* back
. <urfaceditfusion
Back side metallization
Figure 2-3

Cross-Section of Silicon Solar Cell Showing the pn-Junction Where the Electric Field is
Generated (Partain, 1995).
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Thin-film solar cells are typically made up of thin layers of semiconductor material, zinc or tin
oxide, glass, and a contact material. The development of new photovoltaic technologies using
thin-film materials as the semiconductor material has been driven by the need for cheaper
photovoltaic materials and more efficient semiconductors. The materials used in thin-film solar
cells include amorphous silicon, polycrystalline silicon, and compound semiconductors.
Compound semiconductors include cadmium telluride (CdTe), cadmium sulfide (CdS), copper
sulfide (Cu,S), copper indium diselenide (CIS), copper indium gallium diselenide (CIGS),
copper gallium diselenide (CGS), germanium (Ge), and gallium arsenide (GaAs) (Partain, 1995).
In these cells, the p material can be made of CulnSe, or ZnTe, while the n material can be made
of CdS. GaAs cells can have indium, phosphorous, or aluminum as p or n-type materials. Figure
2-4 shows cross-sectional views of thin-film amorphous silicon, CdTe, and CIGS solar cells.

a) a-Si b) CdTe
lLight l lLight l
Glass Glass
sno | | | | sno,
1 um i a-Si i 2 um I cds
H p : CdTe
| e I contact
n
Zn0O
Contact _
c) CIGS

v

ZnO

2 um

Glass

Figure 2-4
Examples of Thin-Film Solar Cells: a) Amorphous Silicon, b) Cadmium Telluride, and
¢) Copper Indium Gallium Diselenide (Goetzberger and Hebling, 2000).

Figure 2-5 shows that the semiconductor materials Cu,S, CulnS,, CulnSe,, CuGaSe,, CdTe,
GaAs, and crystalline Si are within the optimum bandwidth range of 1.1to 1.7 eV (Goetzberger
and Hebling, 2000 and Haug, 2003). Amorphous-Si is just outside the optimum band width at
1.8 eV (Haug, 2003). Both Ge and CdS have bandwidths further outside of the optimum range of
1.1to 1.7eV, which means those materials have reduced conversion efficiency. Geis used to
enhance conversion efficiency of silicon cells, particularly amorphous silicon cells (Andersson,
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2000). CdSisused in CIS and CdTe cells to enhance conversion efficiency. The materials used
in thin-film cells such as Cu,S and GaAs have higher theoretical conversion efficiencies than
crystalline silicon, based on bandwidth.

Thin-film materials have higher light absorption capacities than crystalline silicon and thus can
be thinner, e.g., 1 um for a GaAs direct semiconductor versus 100 um for an indirect Si
semiconductor. CIS cells are polycrystalline materials with a high optical absorption capacity,
allowing the active layer to be about 2 um (EPV, 2001). Some CIS cells use athin CdS layer or
coating on top of the CIS layer, although other materials can be used. Zinc, molybdenum, tin,
and aluminum are used in these cells as components of the layers.

35
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Figure 2-5

Comparison of Conversion Efficiency of Solar Cell Materials (Goetzberger and Hebling,
2000 and Haug and Zurich, 2003). (Note: material efficiencies are shown relative to the
optimal efficiencies as a function of wavelength for the solar spectrum in space (air mass
zero, AMO) and on the earth’s surface (air mass 1.5, AM1.5).)

The material parameters and the technical design of the solar cell determine the efficiency of the
energy conversion process. Thefirst silicon solar cells developed had a conversion efficiency of
about 6% and were treated mostly as laboratory curiosities. By 1993, the typical conversion
efficiency for commercial silicon cells had increased to between 10 and 13% (Moller, 1993). The
first thin-film cells had efficiencies of 8 to 12% (Partain, 1995).
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Table 2-1 lists the module size, conversion efficiency, and power produced for various thin-film
modulesin 1995. Conversion efficiencies of both silicon and thin-film cells continued to increase
as shown in Figure 2-6 for the years from 1975 to 2000. Theoretical research on thin-film solar
devices indicates that the materials could achieve conversion efficiencies of up to 25% under
laboratory conditions (Moller, 1993). A new concept that may substantially increase efficiencies
of cellsisto use stacks of interconnected cells, which could achieve efficiencies up to 41.9
percent for tandem or two cells, and 50 percent for more cells (Goetzberger et al., 2003). Use of
concentrator systems and devicesto track the sun provide another method for increasing
efficiency of PV systems (e.g., up to 34 percent for terrestrial concentrator GaAs/Ge cells
(Spectrolab, 2003)). Advantages of thin-film solar cells are that they are generally cheaper to
produce than standard silicon solar cells, have less material requirements, and can be deposited
on many different substrates. Another advantage is that a variety of thin-film deposition
techniques, which offer greater flexibility for thin-film preparation, are available.

Table 2-1
Characteristics of Example Thin-Film Solar Cell Modules

Area Efficiency  Power

Company Thin-Film Material (sq.cm) (%) (W)
Astro Power Polycrystalline Silicon 3984 9.7 37.8
BP Solar Cadmium Telluride 706 10.1 7.1
Fuji Two Terminal Tandem - Amorphous Silicon Cell 1200 10.05 NA
Kaneka Single Junction - Amorphous Silicon Cell 100 10.3 NA
Kaneka Two Terminal Tandem - Amorphous Silicon Cell 100 10.1 NA
Matsushita Battery Cadmium Telluride 1200 8.1 9.73
Photon Energy* Cadmium Telluride 3323 6.4 21.3
Photon Energy* Cadmium Telluride 832 8.1 6.8
Sanyo Single Junction - Amorphous Silicon Cell 100 12 NA
Siemens Solar Copper Indium Diselenide 3883 9.7 37.8
Siemens Solar Copper Indium Diselenide 938 111 104

Reference: Partain, 1995
NA = not available.
*These CdTe cells have not yet been commercialized due to production problems with the modules.

The small modules with areas of 100 cm2 are primarily test modules.
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Figure 2-6
Change in Conversion Efficiency of Solar Cells from 1975 — 2000 (Goetzberger and
Hebling, 2000).

Crystalline silicon-based technol ogies had a world market share in 1998 of 86 percent, followed
by amorphous silicon-based technol ogies with a market share of 13 percent and cadmium
telluride with a share of 1 percent, as shown in Figure 2-7 (Goetzberger and Hebling, 2000). In
2001, the photovoltaic industry was still dominated by silicon-based technol ogies (Figure 2-8),
but new types of cells such as CIS and thin-film silicon cells have been produced. However, as
discussed previoudly, silicon is not the ideal material for photovoltaic conversion (See Figure 2-
5). Part of the reason for the continued dominance of crystalline silicon cellsisthat extensive
development had already occurred for uses other than photovoltaics, and a supply of reject
silicon material was available at relatively low cost from the semiconductor industry. Present
improvements under devel opment are methods for reducing losses during the cutting/sawing
steps, lowering the cost of producing the crystalline silicon by using newer methods to produce
the original silicon ingots, and decreasing the required thickness of the cells. Examples of new
methods to produce silicon crystals are slow crystallization of molten silicain alarge ingot,
resulting in multi-crystalline silicon and ribbon silica wafers that do not require slicing into
smaller blocks prior to wafer cutting (Green, 2000). Other new technigues include magnetically
grown Czochralski (Cz) cells and the float zone (Fz) technique (Goetzberger et al., 2003).
Research is underway on producing thinner silicon cells with thicknesses of 3.5 to 100 pm
(Goetzberger and Hebling, 2000). Standard crystalline silicon cells have an optimum thickness of
about 200 um, due to limitations of complete absorption (Oliver and Jackson, 2000). One method
being investigated to counter this limitation is the addition of light trapping components or the
use of optical confinement that increases the path that light takes through a cell. Most amorphous
silica cells have been used primarily in consumer products such as solar calculators and watches.
Large amorphous silica cells were developed for use in power generating systems.
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Figure 2-7
Types of PV Modules Sold Worldwide in 1998 (Goetzberger and Hebling, 2000).
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PV Technologies in Use in 2001 (EIA,2002)
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Recent devel opments have focused on the use of thin-film materials, such as CIGS, GaAs, and
GalnP,, for the development of concentrator cells. Concentrator cells are designed to increase
the intensity of sunlight striking the photovoltaic cell through the use of concentrating optics. A
typical concentrator unit consists of alensto focus the light, a cell assembly, a housing element,
a secondary concentrator to reflect off-center light rays onto the cell, a mechanism to dissipate
excess heat produced by concentrated sunlight, and various contacts and adhesives (Azom,
2003). A schematic diagram of a concentrator cell is shown in Figure 2-9. The advantages of
concentrator cellsinclude reducing the number or size of solar cells used, increased power
output, and increased cell efficiency under concentrated light. Solar cell efficiencies as high as
32.3% have been reported for concentrator cells (Surek, 2000). The drawbacks to concentrating
systems are that they require expensive tracking mechanisms and more precise controls than flat
plate systems with stationary structures, and they generate higher operating temperatures, which
can decrease the long-term stability of the photovoltaic cells. At the present time, concentrator
cells have been primarily used for space-related applications, but terrestrial modules are being
commercially produced.

Housing
Secondary optics
Cell assemblies

Cell assembly
-+ Secondary

‘3l,wuncentratnr

Electrical contact
e+ Cell and prismatic cover
e Solder

" ..J;“"*‘“Cupper heat spreader
and electrical contact

_"-‘..;-‘:E"““I:ondl.lctive adhesive
Module housing

Figure 2-9
Schematic of Concentrator Cells (USDOE, 2003)

Design of Photovoltaic Modules

Except for certain low-power applications such as watches and cameras, terrestrial solar cells are
constructed in the form of amodule. A module consists of agroup of solar cells wired together
in asuitable electrical configuration and then hermetically packaged in a weatherproof flat
container, typically with an aluminum frame. The module has one side that is transparent,
usually glass, and allows sunlight to reach the solar cells and electrical leads for connection to a
load. In practical applications of photovoltaics, modules are connected together to form an array.
Small arrays of solar cells are most often used to charge batteries, rather than to directly supply
power for the end-point application (Mazer, 1997).
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Solar cell designs have been developed for either terrestrial or outer space applications. The
space cell market is driven by aneed for high-efficiency cells and is dominated by thin silicon
cells and GaAs cells on Ge substrates (Mazer, 1997). These cells must be able to withstand the
hostile environment found outside of the earth’ s atmosphere, where they are exposed to
high-energy nuclear particle bombardment and high levels of ultraviolet radiation. Nearly all
U.S. spacecraft have utilized solar cell arrays for their long-term electrical power needs.

The use of solar cells as an aternative energy source for terrestrial applications arose in the mid-
1970s. The main reasons for increased interest in solar energy during this time period were the
political crisisin the Middle East, the oil embargo, and the realization that fossil fuel sources
were limited (Moller, 1993). Since the beginning of the 1980s, new solar cell materials and
innovative design concepts have been evaluated. These research efforts have greatly enhanced
knowledge of the structural, electronic, and technological aspects of semiconductor materials.
The improvements over the last twenty years have allowed the cost of PV cellsto come down
more than twenty-fold (EEO, 1993).

Growth of the Photovoltaic Industry

Information on the number and types of terrestrial applications of PV cellswas first collected
separately from information on the space applications of PV modulesin 1982 by the U.S. DOE
Energy Information Administration (EIA). Electric utilities and non-utility companies that
produce over 1 megawatt of electricity from PV systems or that tie their PV system into the
electric power grid are required to report to the EIA. The information is summarized annually
and made available to the public on the EIA website (www.eia.doe.gov). On aworld-wide basis,
the number of PV cellsymodules has increased from units delivering 57.9 peak megawatts
(MWp) in 1986 to 381.3 MWp in 2001 (EIA, 2002). As seen in Figure 2-10, the rate of growth
of the photovoltaic market has increased substantially since 1998. The photovoltaic world market
today can supply up to 381.3 megawatts per year of electricity, corresponding to a value of over
1 billion U.S. dollars (Goetzberger and Hebling, 2003). In 1998, solar cells contributed about 1
percent of the renewable energy used in the US (Figure 2-11). As seen in Figure 2-12, renewable
sources produced 6 percent of the total electricity generated in the United States, down from 8
percent in 1998. The decrease in renewable energy sources was attributed to a decrease in
hydropower generation. PV systems continued to contribute about 1 percent of all renewable
sources in both 2000 and 2001, as seen in Figure 2-13.
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Figure 2-10

Growth of PV Modules for Power Generation (Goetzberger et al., 2003).
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Figure 2-11

Sources: Energy Information Administration
(EIA), Annual Energy Review 1998,
DOE/EIA-0384(98) (Washington, DC, July
1999), Table 1.3. 1998 Renewable Energy:
Consumption values based on the sum of
electricity consumption from EIA, Electric
Power Annual 1998, Volume II, DOE/EIA-
0348(98)/2 (Washington, DC, December
1999), and non-electricity consumption
based on analysis by the Office of Coal,
Nuclear, Electric and Alternate Fuels.

Comparison of U.S. Renewable Energy Sources with Fossil Fuel Sources in 1998.
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Sources of Energy Consumed in the United States in 2001 (EIA, 2002)
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Breakdown of Types of Renewable Energy Sources in 2001 (EIA, 2002)
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In 1998, 21 companies produced and shipped PV cells or modules capable of producing 50.6
MWp, as shown in Table 2-2, comprising atotal value of $185 million (EIA, 2000). In 2001,

19 companies produced PV cells capable of producing 97.7 MWp, representing atotal value of
$305 million (EIA, 2002). The end-uses of these cells/modules are shown in Table 2-3.
Crystalline silicon cells are the most commonly-used type for all categories. In California,
solar/PV modules are used for power generation by electric utilities and by non-utility users. A
small number of PV cells'modules are imported from Japan, Australia, England, and India (EIA,
2000). About 63 percent of modules produced were exported in 2001: 63.8 percent to Europe,
16.1 percent to Asia, 7.6 percent to North America, 4.8 percent to Africa, and 0.1 percent to
South America (EIA, 2002). The number of complete PV module systems increased from 1,077
in 1995 to 10,737 in 2000, but decreased to 6,759 in 2001. However, the power generation
capability increased from 4,099 MWp in 2000 to 10,075 MWp in 2001 (EIA, 2002). The number
of people employed in the PV industry increased from 1,588 in 1991 to 2,666 in 2001. Of the
total of 19 companiesinvolved in the PV industry, 11 were involved in the manufacture of cells,
14 were involved in cell design, 14 sold to wholesale distributors, and 7 sold to retail outlets
(Table 2-4).

Twelve companies were involved in prototype module development in 2001, down from 17
companiesin 2000. Of these new products, most were still expected to be silicon-based, as seen
in Table 2-5. Research is underway on eight new types of PV cells (Table 2-6). Chemicals used
in the new types that have not previously been used in PV cellsinclude copper phthalocyanine
and tungsten.

Table 2-2
Annual Shipments of Photovoltaic Cells and Modules for Terrestrial Applications, 1987-
2001(EIA, 2002)

Year Number of Total PV Cell and Module Shipments (Peak Kilowatts)
Companies
Total® Imports Exports
1987 17 6,850 921 3,821
1988 14 9,676 1,453 5,358
1990° 19 13,837 1,398 7,544
1991 23 14,939 2,059 8,905
1992 21 15,583 1,602 9,823
1993 19 20,951 1,767 14,814
1994 22 26,077 1,960 17,714
1995 24 31,059 1,337 19,871
1996 25 35,464 1,864 22,448
1997 21 46,354 1,853 33,793
1998 21 50,562 1,931 35,493
1999 19 76,787 4,784 55,562
2000 21 88,221 8,821 68,382
2001 19° 97,666 10,204 61,356

*Total includes imported cells and modules later shipped to domestic or export markets.

*Includes data for one company that left business in 1990.

‘Data for merged company of BP Solar and Solarex were reported separately in 2000, but combined in
2001.
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Table 2-3
Shipments of Photovoltaic Cells and Modules by Market Sector and End Use in 2000-2001
(Peak Kilowatts)

Sector and End Crystalline  Thin-film Concentrator 2001 Total 2000 Total
Use Silicon® Silicon Silicon Shipments Shipments
Market

Industrial 24,754 3,135 174 28,063 28,808
Residential 28,307 4,955 0 33,262 24,814
Commercial 13,440 2,270 0 15,710 13,962
Transportation 7,525 961 0 8,486 5,502
Utility 4,799 747 300 5,846 6,298
Government® 5,375 353 0 5,728 4,417
Other* 451 120 0 571 4,690
Total 84,651 12,541 474 97,666 88,221
End Use

Elec Gen-grid 22,444 4,482 300 27,226 21,713
Elec Gen-remote 18,772 2,501 174 21,447 14,997
Communications 12,974 1,769 0 14,743 12,269
Consumer Goods 3,664 395 0 4,059 2,870
Transportation 10,803 1,833 0 12,636 12,804
Water Pumping 6,737 708 0 7,444 5,644
Cells/Modules to 5,778 490 0 6,268 12,153
OEM°

Health 2,931 272 0 3,203 2,742
Other® 549 92 0 641 3,028
Total 84,651 12,541 474 97,666 88,221

®Includes single crystal, cast, and ribbon types.

’Includes Federal, state, and local government agencies and military

‘Includes shipments manufactured for research

‘OEM = original equipment manufacturer

‘Includes uses such as cooking food, desalinization, distillation, etc.

Data are from Form EIA-63B “Annual Photovoltaic Module/Cell Manufacturers Survey (EIA, 2002).
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Table 2-4
Number of Companies Involved in Photovoltaic-Related Activities, 1997-2001

Type of Activity 1997 1998 1999 2000 2001
Cell Manufacturing 13 13 13 12 11
Module or System Design 18 18 18 17 14
Prototype Module 14 16 16 17 12
Development
Prototype Systems 10 14 14 15 14
Development
Wholesale Distribution 15 17 16 15 14
Retail Distribution 4 5 5 7 7
Installation 5 6 6 7 7
Noncollector System 4 6 5 4

Component Manufacturing

Data are from Form EIA-63B “Annual Photovoltaic Module/Cell Manufacturers Survey (EIA, 2002).

Table 2-5
Companies Expecting To Introduce New Photovoltaic Products in 2002

New Product Type 1999 2002

Crystalline Silicon

Single-crystal Silicon Modules 4 4
Cast Silicon Modules 2 2
Ribbon Silicon Modules 4 3
Thin Film
Amorphous Silicon Module 6 3
Other thin-film Materials 4 1
Other Flat Plate 0 0
Concentrators 2 0
Nonmodule System Components 2 0

Data are from Form EIA-63B “Annual Photovoltaic Module/Cell Manufacturers Survey.
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Table 2-6
Status of Manufacturing Facilities for Photovoltaic Cells in 2002

PV Cell Type Manufactured Number of Manufacturing States where

in the U.S. Companies Facilities are Located

Amorphous Silicon Cells & Modules 5 1A, MI, NJ, NY

Crystalline Silicon Cells & Modules 8 CA, DE, MA, MD, PA, TX

Copper Indium Diselenide 3 AZ, CA

Copper Indium Gallium Diselenide 1 AZ

Gallium Arsenide 1 CA

Cadmium Telluride 1 AZ, NY, (OH, CA prior to 11/2002)

PV Cell Types Not Currently Manufactured in the U.S. on a Commercial Basis
Copper Sulfide/Cadmium Sulfide

Copper Phthalocyanine

Cuprous Oxide

Indium Phosphide

Sulfur Nitride

Tungsten Diselenide

Zinc Phosphide

Dye-Sensitized Cells
(laboratory research stage)

Organic Solar Cells using
pentacene or conjugated
polymer/fullerene mixtures
(laboratory research stage)

Other companies use cells manufactured elsewhere to assemble products.

Of these types, the one closest to commercial production is copper sulfide/cadmium sulfide. As
discussed previously, only CdTe and CIS cells have a measurable market share compared to all
cell types, and that was less than 1 percent for each of these two typesin 2001 (EIA, 2002).
Another new cell type currently in the laboratory research stage is the nanocrystalline dye-
sensitized cell, which uses ruthenium-based organic dyes (Green, 2000). A second type of dye-
sensitized cell uses a porous layer of titanium dioxide (TiO,) covered with alayer of dye

mol ecul es (Goetzberger and Hebling, 2000). These molecules absorb light, which excites
electrons, resulting in flow to the TiO, layer. These cells are also in the early research stage. A
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new type of organic solar cell isin the laboratory research stage, which uses plastic materials
such as pentacene or a conjugated polymer/fullerene interpenetrating network as the
semiconductor material (Goetzberger et al., 2003). A summary of firmsinvolved in PV
manufacturing or assembly of PV cells or modulesisincluded in Appendix A.

Uses of PV Systems

Solar cells have been used to power avariety of different devices and systems. Small electronic
devices such as watches, calculators, telephones, computers, and cameras have utilized small
solar cells as a power source. Consumer products such as solar-powered watches and calculators,
using amorphous thin-film silicon, accounted for about one third of the PV market in 1993
(EEO, 1993). These small PV products have been an important proving ground for thin-film PV
technologies. Even in 1998, the use of thin-film silicon cells was greater in consumer products
than the use of crystalline silicon cells. Since 1993, PV systems have increasingly been used for
electric power generation, and thus the percent of PV cells used in consumer products has
decreased to 7 percent of the total PV market (based on peak kilowatts).

Larger applications of photovoltaic technologies include residential and commercia buildings,
remote weather recording and data transmission stations, communication systems, street lights,
water pumps in remote areas, and microwave telephone repeaters. In remote locations, not served
by electric transmission grids, PV cells coupled to batteries can provide aless expensive source
of electricity. Figure 2-14 is a picture of aresidential dwelling powered by a 3-kW solar system.
Figure 2-15 is a picture of a microwave telephone repeater that utilizes solar power. Photovoltaic
technol ogies have gained popularity in countries such as Indonesia, India, and Africawhere they
are used to provide power to houses in remote areas. Photovoltaic modules are also ideally suited
for powering remote monitoring sites. Figure 2-16 shows asmall array linked to a battery that
operates a groundwater elevation gauge in awell located in the backcountry of the Adirondack
Mountainsin New Y ork (Newton, 2000).

One of the newest and largest applications of photovoltaic arrays has been for central station
generation of electric power. Several utility companies have installed prototype PV generating
facilities that have solar arrays of hundreds of kilowatts or larger (Mazer, 1997). One of these
facilitiesis a 2-megawatt photovoltaic installation located at the Rancho Seco nuclear plant in
Cdlifornia (Figure 2-17). Other existing photovoltaic generating stations include a 1-megawatt
facility located in Davis, California, a 1-megawatt facility operated in southern California by
Southern California Edison, and a 6.5-megawatt facility operated in northern California by
PG&E. A major benefit of photovoltaic systemsis that they do not produce any greenhouse
gases, other than the carbon dioxide gases emitted during manufacture of the origina PV units.
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Figure 2-14
Example of Rooftop Solar Cell Arrays for Home Application with 50 Solarex MSX-60
Modules to Produce up to 3-kW of Electricity (Mazer, 1997).

Figure 2-15
Example of a Commercial Application as a Power Supply for a Microwave Repeater at Clay
Hills, Utah (Mazer, 1997).
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Figure 2-16

Example of an Array for Remote Environmental Data Collection Sites — a Solarex MSX-10
Panel with Polycrystalline Silicon Cells used to Recharge a Battery for Powering a
Continuous Groundwater Level Monitor in the Adirondack Mountains of New York
(Newton, 2000).
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Figure 2-17
Example of Large-Scale Application to Generate 2-MW Power at Rancho Seco Nuclear
Plant in California (Mazer, 1997).

The estimated carbon dioxide emissions are nearly all released during the manufacturing of the
PV cells and components, and thus the emissions are determined by the source of the electricity
used in the manufacturing plants. Estimated carbon dioxide emissions for PV production are
considerably less than from coa plants generating the same amount of electricity asthe
completed PV modules over their useful life of 30-40 years (Hill and Baumann, 1993). Estimates
of CO, emissions during PV cell manufacturing in western Europe are 50 to 60 g/kWh,
compared to the average emissions from conventional energy systemsin that area of about 570
o/kWh (Alsemaand Nieuwlaar, 2000). A more detailed energy balance analysis by Alsema and
Nievwlaar (2000) showed that PV systems had energy payback times of 2 to 3.2 years for roof-
top systems in areas with medium to high insolation (1700 kWh/m*/yr to 2200 kWh/m?/yr) and 4
to 5 years in places with low insolation (1100 kWh/m’/yr). The southwestern United States has
high insolation, while the remainder of the continental United States has medium insolation.

The use of solar panels on residential buildings has increased in recent years. The increased cost
of electricity and the potential for reliability problems are likely reasons for the increase in the
use of solar power on residential buildings. The cost of installing solar systems on residential
dwellings ranges from $10,000 to $90,000, with the average systems costing between $40,000
and $50,000 (Contra Costa Times, 2001a). Solar systemsinstalled on residential dwellings can
be set up as the sole source of power for the residence (off-grid), or they can be used in
combination with the main power grid. Systems with “grid-ties” allow electricity to be fed back
into the main grid during strong solar periods. Residential systems and small businesses that
generate less than 10 kilowatts of power get arebate based on the amount of power provided to
the grid. At present, larger businesses do not get a rebate, but must supply the unused power to
the grid. Legidation has recently been proposed to allow payments to all businesses that provide
power back to the grid. In California, it is estimated that there are more than 8000 “of f-grid”
systems and about 450 “grid-tie” systems being used (Contra Costa Times, 2001a). In northern

2-20



Overview of the Photovoltaic Industry

California, grid-tie systems have increased from 12 in 1997 to 217 in 2001 (Contra Costa Times,
2001b). Colorado and Arizona also have numerous “ off-grid” systemsin remote areas. A series
of incentive programs to promote use of PV systemsfor electricity by residential and commercial
users has been implemented in California ranging from property tax reductions to rebates based
on the amount of power generated (Contra Costa Times, 2001b). Incentive programs have been
used in other countries to increase the use of PV systems for residences and small businesses
(e.g., the 1,000 roof program in Germany completed in 1995, and a plan for installing 70,000 PV
roof-top systems in Japan by 2005 (Jackson and Oliver, 2000)). By the end of 1999, over 20,000
PV roof-top systems had been installed in Japan (Green, 2000). A program to install one million
PV roof-top systemsin the United States was begun in 1997, with subsidies consisting of tax
credits, grants, and loans.

A constraint on increased use of photovoltaic systems for the generation of electricity is the high
cost compared to alternative fuel sources. In 1997, the cost of PV-generated electricity was
typically 2.5 to 5 times higher than that of fossil fuel generated electricity (Mazer, 1997). The
higher cost of PV-generated electricity isaresult of the high cost of semiconductor materials and
the expense of processing these materialsinto usable solar cells. The U.S. DOE National Center
for Photovoltaics (www.nrel.gov/ncpv/) has sponsored research to improve the manufacturing
processes in terms of efficiency and reducing costs. Examples of improvements have been
automation of the various steps in the process, and reductions in the quantity of material used.

Another important factor in the cost of PV electricity is the insolation available to the PV power
plant or facility. When more insolation is available to afacility, more electricity can be generated
and the cost of generating the electricity on akilowatt-hour basis is lower. Based on the effects
of insolation, sunny sites offer cost advantages over sites with a higher number of cloudy days.
The generation of eectricity by PV systemsisintermittent, and for aresidential or business
application, back-up power or battery storage is necessary, which also increases the cost of an
off-grid system.
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HANDLING OF CHEMICALS USED IN PHOTOVOLTAIC
SYSTEMS

Chemicals Used in the Production of Photovoltaic Cells

The production of photovoltaic devicesinvolves the use of avariety of chemicals and materials.
The amounts and types of chemicals used will vary depending upon the type of cell being
produced. There is also some variability among the different photovoltaic companies with
respect to the chemicals used for manufacturing the same type of photovoltaic cells.

Table 3-1 provides ageneral list of chemicals and materials used in the production of silicon and
thin-film solar cells. Thelist is complete for the polycrystalline silicon and copper/cadmium
sulfide photovoltaic cells. For other types of cells, complete information was not available; all
known chemicals are listed. Physical and chemical properties of these chemicals are provided in
Appendix B.

The quantities of various chemicals used during the manufacturing of photovoltaic devices vary
greatly. The semiconductor materials themselves are used in small quantities, since only a
limited amount is needed to produce the ultra-thin layers of a PV cell. For example, ayearly
production volume of 2000 tons of solar panels, capable of producing about 10 MW of
electricity, requires only about 20 tons of semiconductor material; the rest is mostly glass
(Fthenakis, 2000). The amount of cadmium in aCIS PV module is estimated as 0.04 g/m” and in
aCdTe module as 5 g/m* (Hill and Baumann, 1993). The amounts of metals in other types of PV
cellsarelisted in Table 3-2.

Research is underway to reduce the amount of cadmium used in PV cells (Zweibel et al., 1998).
Present CdTe cells use a2 micron layer, but theoretically only alayer of 0.5 microns would be
needed to effectively absorb sunlight. With light-trapping methods, the required layer may be
reduced to as little as 0.2 microns. The amount of cadmium in CdTe layers of different
thicknesses was 5.5 g/m’ in a 2 micron layer, 1.4 g/m?in a0.5 micron layer, and 0.55 g/m’in a
0.2 micron layer. The CdS layer in CdTe cellsis about 0.1 microns thick, and in the future may
not be needed at all or would have athickness of about 0.03 microns, consisting of about 0.1
g/m’. Due to losses during thin-film processing, about 25 to 50 percent more cadmium feedstock
is needed than isincorporated into the final product.



Handling of Chemicals Used in Photovoltaic Systems

Table 3-1

Chemicals and Materials Used in the Manufacturing Process of Various Photovoltaic Cells

Crystalline Polycrystalline CIGS
Silicon Cells* Silicon Cells** Amorphous Silicon Cu,S/CdS Cells** CdTe/CdS CIS Cells Cells GaAs Cells
Aluminum Aluminum Acetone Ammonium chloride Cadmium chloride Cadmium Cadmium Arsenic
Ammonia Ammonia Aluminum Ammonium fluoroborate Cadmium Copper Copper Arsine
Ammonium fluoride Arsine Chloro-silanes Cadmium sulfide Molybdenum Hydride gas Gallium Gallium
Hydrochloric acid Boron trichloride Diborane Chromate coating Nickel Hydrogen sulfide Indium Hydrochloric acid
Hydrofluoric acid Copper catalyst Germanium (used in some) Copper Sulfur Hydrogen selenide Molybdenum Methane
Hydrogen fluoride Diborane Germanium tetrafluoride Cuprous chloride Tellurium Indium Selenium Phosphine

(used in some)
Isopropyl alcohol Ethyl acetate Hydrochloric acid Gold Thiourea Molybdenum Zinc Trichloroethylene
Nitric acid Ethyl vinyl acetate Hydrofluoric acid Hydrochloric acid Tin Selenium Triethyl gallium
Nitrogen Hydrochloric acid Hydrogen Hydrogen sulfide Zinc Trimethyl gallium
Oxygen Hydrogen Isopropanol Methanol
Phosphorus Hydrogen fluoride Nitrogen Nickel
Phosphorus oxychloride Hydrogen peroxide Phosphine Nitrogen
Silane lon amine catalyst Phosphoric acid Polyvinyl butyrol
Silicon Isopropyl alcohol Silane Silicon monoxide
Silver Nitric acid Silicon tetrafluoride Sodium chloride
Sodium hydroxide Nitrogen Silicon Tantalum pentoxide
Sulfuric acid Phosphine Sodium hydroxide Zinc
Tin Phosphorus trichloride Tin Zinc fluoroborate

Silicon

Silicon dioxide

Silane

Silicon trioxide

Silicon tetrachloride

Silver

Sodium hydroxide

Stannic chloride

Sulfuric acid

Tantalum pentoxide

Titanium

Titanium dioxide

Trichlorosilane

*List of chemicals and materials was compiled based on personal communication with a representative from ASE Americas Inc. and Siemens Solar Industries.

**|ndicates a complete list of chemicals and materials used in the manufacturing process.

References: SERI, 1981; Fthenakis et al., 1984; Dickson, 1987; Moskowitz et al., 1987; Partain et al., 1987; Moskowitz et al., 1989; Moskowitz, 1992; Moskowitz, 1995; Patterson, 1997; Andersson et al., 1998;
Steinberger, 1998; Fthenakis and Moskowitz, 2000
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Table 3-2
Amounts of Metals in Various Types of PV Cells

Cell Type Material Requirements, g/m’

Amorphous-Si/Ge

Sn 3.3

Ge 0.22
Si 0.54
Al 2.7

CdTe

Sn 0.66
Cd 4.9

Te 4.7

Mo 10.0
CIGS

Zn 9.1

Cu 1.8

In 2.9

Ga 0.53
Se 4.8

Cd 0.19
Mo 10.0

Reference: Anderson et al., 1998

A variety of acids or corrosive liquids are used in fairly large quantities during the manufacturing
process. These acids or corrosive liquids include hydrochloric acid, sulfuric acid, nitric acid, and
hydrogen fluoride. These chemicals are primarily used for the cleaning of wafers or to remove
impurities from raw semiconductor materials. Solvents including 1,1,1-trichloroethane and
acetone are also used in large quantities in the various cleaning steps conducted during the
production processes. Etching compounds such as sodium hydroxide can also be used in
relatively large quantities. The amount of a given chemical used will vary depending upon
numerous factors including the type of cell being produced, the amount of material processing
required, and the amount of wafer cleaning required.

The manufacturing of solar cellsinvolves the use of multiple chemicals classified as hazardous
by the Federal Department of Transportation, including highly explosive and toxic gases. A list
of such hazardous materials, and a description of each material isgivenin Table 3-3. It is
important to note that thisis a general list for the photovoltaic industry and does not pertain to
any specific photovoltaic cell type or company. Also, the manufacturing processes are constantly
evolving and changing, so it is possible that some of these substances may no longer be used in
the manufacturing processes.
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Table 3-3

Hazard Classification of Chemicals Typically Used in PV Module Manufacturing

Material DOT Hazard Classification*
Arsenic Poison

Arsine Highly Toxic Gas

Cadmium Poison

Diborane Flammable Gas

Diethyl Silane Flammable Liquid

Diethyl Zinc Pyrophoric Liquid

Dimethyl Zinc Spontaneously Combustible

Hydrochloric Acid
Hydrofluoric Acid
Hydrogen
Hydrogen Selenide
Hydrogen Sulfide
Indium

Methane

Molybdenum Hexafluoride

Corrosive Material
Corrosive Material
Flammable Gas
Highly Toxic Gas
Flammable Gas
Not Regulated
Flammable Gas

Toxic and Corrosive Gas

Oxygen Gaseous Oxidizer

Phosphine Highly Toxic and Pyrophoric Gas
Phosphorus Oxychloride Corrosive Material

Selenium Poison

Silane Pyrophoric Gas

Silicon Tetrafluoride
Tellurium

Tertiarybutyl Arsine
Tertiarybutyl Phosphine
Tetramethyl Tin
Trimethyl Indium
Trimethyl Aluminum
Trimethyl Gallium

Tungsten Hexafluoride

Toxic and Corrosive Gas

Not Regulated

Pyrophoric and Highly Toxic Liquid
Pyrophoric Liquid

Pyrophoric and Highly Toxic Liquid
Pyrophoric Solid

Pyrophoric Liquid

Pyrophoric Liquid

Toxic and Corrosive Gas

*DOT, Department of Transportation

Reference: Moskowitz, 1995

The wastes generated by the silicon-based PV industry are similar to those from the general
semiconductor industry, although the quantities are in general less. The chemicals disposed in
large quantities (over 1 ton) by the California semiconductor industry are shown in Table 3-4.
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Solvents and acids each comprised about one-third of the total wastes by weight (about 7,000
tons) (Gilles and Loehr, 1994). Ammonia solutions comprised about 10 percent of the total
waste. Only two metals were included in the list of large-quantity chemicals: lead (about 0.5
percent) and zinc (less than 0.1 percent). In PV cells, lead is used for the leads from the cell to
the electrical load, and is not an integral part of the cell, and zinc is used for the back contact
layer. About 35 percent of the semiconductor wastes were discharged as dilute acid solutions to
sewage treatment plants or to publicly-owned treatment works (POTWS), and 37 percent were
sent to offsite treatment facilities. About 27 percent of the wastes were released to the
atmosphere. Wastes discharged directly to surface water represented only 0.8 percent of the total,
while dischargesto landfills were 0.015 percent (Gilles and Loehr, 1994). The disposal of wastes
primarily to POTWs and air is similar to the present practice in the PV industry, as discussed
later in this section.

Chemicals Disposed by Photovoltaic Manufacturing Facilities

Based on areview of the chemical information reported in the U.S. EPA’s Toxics Release
Inventory System (TRIS) database for six photovoltaic companies producing solar cells, it
appears that most of the chemicals used by the manufacturing companies are not released in
reportable quantities. The TRIS database was set up under Section 313 of the Emergency
Planning and Community Right-to-Know Act (EPCRA) of 1986 and Section 6607 of the
Pollution Prevention Act of 1990. Table 3-5 lists the photovoltaic facilities reviewed from the
TRIS database that reported for year 2001 or earlier. As seen in Figure 3-1, there are a number of
threshold requirements that must be met before facilities are required to report to TRIS. In
addition, small quantities of chemicals are considered “de minimus’ and do not need to be
reported. These quantities are less than 1 percent for most chemicals, but 0.1 percent for those
classified as OSHA-defined carcinogens (US EPA, 1999). It is estimated that only about 25% of
the chemicals are disposed in reportable quantities: 25,000 pounds/year of manufactured or
processed chemicals on the EPCRA Section 313 list or 10,000 pounds/year of “otherwise-used”
chemicals. Many of the chemicals used by the PV industry qualify as “ otherwise-used”
chemicals, such as etching and cleaning solutions (U.S. EPA,1999). The TRIS database tracks
whether chemicals were released to air or surface water, sent to land disposal sites or
underground injection facilities, or treated in on-site or off-site facilities (Figure 3-2). The
photovoltaic facilities reviewed had air emissions, and some chemicals were sent for off-site
disposal or treatment. There were no discharges of chemicals directly into streams or other
bodies of water for any of the six photovoltaic facilities reviewed.

Air Emissions

The releases of chemicals to the air from the photovoltaic facilities were reported as both air
stack emissions and fugitive air emissions. All six of the photovoltaic companies reviewed
reported air stack emissions of some compounds used for cleaning and etching. The chemicals
released in the largest quantities in air stack emissionsincluded 1,1,1-trichloroethane, acetone,
ammonia, isopropyl alcohol, and methanol (Table 3-6). These chemicals are also used in large
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Table 3-4
Total Chemical Releases for 1987-1990: California Semiconductor Industry (after Gilles
and Loehr, 1994)

Chemical Total Releases (tons)  Percent of Total
*1,1,1-Trichloroethane 447 6.9
1,1,2-Trichloroethane 7.5 0.12
1,2,4-Trichlorobenzene 7.9 0.12
1,2-Dichlorobenzene 125 1.9
2-Ethoxyethanol 6.6 0.1
*Acetone 813 125
*Ammonia 260 4
Ammonium nitrate solution 202 3.1
Ammonium sulfate solution 227 3.5
*Dichloromethane 5.4 <0.1
Ethylene glycol 101 15
*Freon 113 529 8.2
Glycol ethers 238 3.7
*Hydrochloric acid 290 4.5
*Hydrogen fluoride 263 4
*Isopropyl alcohol 216 3.3
Lead 12 0.19
Lead compounds 23 0.35
*Methanol 211 3.3
Methyl ethyl ketone 117 18
Nickel compound 211 33
*Nitric acid 317 49
Phenol 97 15
*Phosphoric acid 121 1.9
*Sulfuric acid 1220 18.8
Tetrachloroethylene 108 1.7
Toluene 7 0.11
Xylene (mixed isomers) 308 4.7
*Zinc compound 34 <0.1
Total 6492 100

Only total releases of 1.0 ton or more are included.

*Indicates chemical that is known to be used in the manufacturing of photovoltaic
cells.

Adapted from Draft Report (1992) - Toxic Release Inventory

Experience of the California-based Semiconductor Industry 1987-1990.
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Table 3-5

PV Companies Listed in the EPA’s TRIS Database

Handling of Chemicals Used in Photovoltaic Systems

Company*

TRI ID Address

City State

Zip
Code

PV Cell Type

ASE Americas
Inc.

(renamed RWE
Schott Solar, Inc.)

01821MBLSL4SUBU 4 Suburban

Park Drive

Billerica MA

01821

Crystalline
Silicon Cells and
Modules

Astropower

19702STRPW231LA 231 Lake Drive

Newark DE

19702

Crystalline
Silicon Cells and
Modules

BP Solarex
(renamed BP
Solar)

21701SQRXC630SQ

630 Solarex Ct.

Frederick MD

21703

Monocrystalline
and
multicrystalline
Silicon Cells and
Modules; prior to
11/2002
produced thin-
film CdTe cells in
Fairfield,CA and
Toano, VA

Siemens Solar
Ind. (became part
of Shell Solar in
2002)

93010RCSLR4650A PO Box 6032

Camarillo CA

93010

Monocrystalline
and multi-
crystalline Silicon
Cells and
Modules and
Copper Indium
Diselenide (CIS)
Thin-film Cells
and Modules

Spectrolab Inc.

91341SPCTR12500 12500

Gladstone Ave.

Sylmar CA

91342

Space solar cells
and panels using
silicon,GaAs, and
GaAs/Ge
modules;and
terrerstrial triple-
junction
concentrator
solar cells using
GalnP,/GaAs/Ge.

TECSTAR Inc.

91745PPLDS 15251 1521 E. Don

Julian Rd.

La Puente CA

91745

Silicon, Gallium
Arsenide, and
Multijunction
Solar Cells
(cascade space
cells)

*Companies reporting to TRIS database for year 2001 or earlier.
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Is Your Facility’s Primary SIC Code
Included on the EPCRA Section 313 List?

(See Section 2.2)

NO >

lYES

Does Your Facility Have 10 or More Full-
Time Employees or the Equivalent?

(See Section 2.3)

NO »

lYES

Does Your Facility Manufacture, Process,
or Otherwise Use Any EPCRA Section 313
Chemicals or Chemical Categories?

(See Section 2.4)

NO >

iYES

Does Your Facility Exceed Any of the
Thresholds for a Chemical or Chemical
Category (after excluding quantities that are exempt
from threshold calculations)

(See Section 2.5)

STOP

NO EPCRA

SECTION 313 REPORTS

REQUIRED FOR ANY CHEMICALS

OR CHEMICAL CATEGORIES

AN EPCRA SECTION 313
REPORT IS NOT REQUIRED FOR
THIS CHEMICAL OR CHEMICAL
CATEGORY

lYES

AN EPCRA SECTION 313 REPORT IS
REQUIRED FOR THIS CHEMICAL OR
CHEMICAL CATEGORY

l

Is the Amount Manufactured, OR Processed, OR Otherwise Used less than or equal to
1,000,000 pounds AND Is the Reportable Amount less than or equal to 500 Ib/yr

(See Section 2.8)

iYES

FORMA OR FORMR
IS REQUIRED FOR THIS CHEMICAL OR
CHEMICAL CATEGORY

lNo

FORM R IS REQUIRED FOR THIS
CHEMICAL OR CHEMICAL
CATEGORY (FORM A CANNOT
BE SUBMITTED)

Figure 3-1

EPCRA Section 313 Reporting Decision Diagram.
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STEP I: Prepare Process
Flow Diagram

y
STEP 2: ldentify EPCRA I

Section 313 Chemicals
or Chemical Categories
-

|

STEP 2: ldentify Sources of Release
and Other Waste
Management Activities

l | Source 2 l

Source 1 STEP 3: Define the Source 3
! Operation !
v v
y
STEP 3: ldentify Release and Other
Waste Management Activity
Types
Fugitive Point Discharge Underground Land POTW Transfer Transfer Transfer Transfer  On-Site On-Site On-Site
Air Air to Injection On Site Off Site for Off Site for Off Site for  Off Site for Waste Energy Recycling
Waterbody Recycling Energy Recovery Treatment Disposal Treatment Recovery

l l

STEP 4: Review Available
Data & Choose
Estimation Method

'

STEP 4: Calculate Estimates for
Release and Other Waste
Management Activity
Quantities

YVYY V]{

AA A A{

Figure 3-2
Release and Other Waste Management Activity Calculation Approach.
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Table 3-6
Chemicals Released in Air Stack Emissions by PV Companies Listed in the TRIS Database

Company and  1,1,1- Hydrochloric  Hydrogen Isopropyl Lead Nitric N-Methyl-2- Sodium Sulfuric Trichloro-
Year Trichloroethane Acetone  Aluminum  Ammonia  Acid Fluoride Alcohol Compounds Methanol  Acid Pyrrolidone Hydroxide  Acid ethylene

ASE Americas Inc.

1990 - B B - - - - - - 40 - - - R
1991 - - - - - - - - - 55 - - - -
1992 - B B - - - - - - 56 - - - R
1993 - - - - - - - - - 53 - - - R
1994 - - - - - - - - - 75 - - - -
1995 - - - - - 72 - - - 357 - - - -
1996 - - - - - 220 - - - 988 - = - -
1997 - - - - - 44 - - - 186 - - - -
1998 - - - - - 87 - - - 221 - = - -
1999 - - - - - 87 - - - 110 - = - -
2000 - - - - - 1466 - - - 446 - = - -
2001 - - - - - 890 - - - 214 - = - -
Astropower

2001 - - - - - - - 0.63 - . - - - R
BP Solarex

1990 - - - - 27 - - - - - - - - -
1991 - - 250 - 250 5 - - - - - - - R
1992 - - 250 - 250 - - - - - - - - -
1993 - - - - 250 - - - - - - - - -
1994 - - - - 250 - - - - - - - 5 -
1995 - - - - - - - - - - - - - -
1996 - - - - - - - - - - - - - -
1997 - - - - - - - - - - - - - -
1998 - - - - - - - - - - - - - -
1999 - - - - - - - - - - - - - -
2000 - - - - - - - - - - - - - -
2001 - - - - - 20 - - - - - - - -
Siemens Solar Industries

1987 34657 - - - - - - - - - - 250 - -
1988 25050 - - - - - - - - = - 250 - -
1989 17086 - - - - - - - - - - R - R
1990 2390 - - - - - - - - - - R - R
1991 2000 - - - - - - - - - - R - R
1992 - - - - - - - - - - - - - -
1993 No compounds reported in 1993 or 1994 - - - - - - -
Spectrolab Inc.

1987 - - - 0 0 - - - - - - - - -
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Table 3-6 (continued)
Chemicals Released in Air Stack Emissions by PV Companies Listed in the TRIS Database

Company 1,1,1- cHI:/I?)rr(i)c Hydrogen Isopropyl Lead Nitric ~ N-Methyl-2- Sodium Sulfuric  Trichloro-
and Year Trichloroethane Acetone Aluminum Ammonia Acid Fluoride Alcohol Compounds Methanol Acid Pyrrolidone Hydroxide Acid ethylene
Spectrolab, Inc continued
1988 8800 8000 - 0 0 0 - - - 0 - - - -
1989 250 750 - 0 - 0 - - - 0 - - - -
1990 250 250 - - - - - - - - - - - -
1991 1629 283 - - - - - - - - - - - -
1992 1743 1051 - - - - - - - - - - - -
1993 - 431 - - - - - - - - - - - -
1994 - - - 1700 50 258 - - - 92 - - - -
1995 - - - 1700 - - - - - - - - - -
1996 - - - 2193 - - - - - - - - - -
1997 - - - 1277 - 668 - - - - - - - -
1998 - - - 250 - - - - - 250 250 - - -
1999 - - - 33 - - - - - - 66 - - -
2000 - - - - - - - - - - 42 - - -
2001 - - - 250 - - - - - - 40 - - -
TECSTAR Inc.
1987 - 13000 - - 250 250 - - - 250 - - 250 250
1988 - 9330 - - - - - - - - - - 250 250
1989 11400 66700 - - 250 250 13800 - 13450 250 - - 250 250
1990 - 7259 - - - 250 - - - 250 - - 5 250
1991 - 7932 - - - - - - - - - - 250 250
1992 - 8249 - - - - - - - - - - - 250
1993 - 2946 - 5 - - - - - - - - 250 250
1994 - - - 5 - - - - - - - - 250 250
1995 - - - 5 - - - - - - - - - 250
1996 - - - - - - - - - - - - 250 250

The values listed are in pounds.
Dash indicates compound not reported.

3-11



Handling of Chemicals Used in Photovoltaic Systems

guantities by the semiconductor industry in general. Some chemicals (e.g., trichloroethylene)
were reported for only one facility. Four out of the six photovoltaic companies with reported data
provided estimates of fugitive air emissions. Chemicals released in fugitive air emissions
included 1,1,1-trichloroethane, acetone, ammonia, dichloromethane, freon 113, hydrochloric
acid, isopropyl acohol, lead, methanol, sulfuric acid, and trichloroethylene (Table 3-7). The
metals used in the thin-film semiconductors were not released to the air in reportable quantities,
with two exceptions: aluminum at only one facility in 1991 and 1992 and lead at one facility.
Release of aluminum to the air would not be expected from current PV manufacturing

operations. Lead is used for the electrical contacts and not the PV cell itself.

Off-Site Treatment

A variety of off-site treatment methods are utilized to manage the chemicals produced by
photovoltaic facilities. The types of treatment facilities used include POTWSs, metals recovery
systems, solvents/organics recovery systems, and energy recovery systems. A summary of the
off-site treatment types utilized and the quantity of waste materials sent to these off-site
treatment facilitiesis givenin Table 3-8.

Four out of the six photovoltaic companies reviewed sent waste chemicalsto POTWSs. The types
of waste materials sent to the POTWSs included acetone, ammonia, nitrate compounds, lead,
hydrochloric acid, hydrogen fluoride, nitric acid, sulfuric acid, and sodium hydroxide. Three out
of the five photovoltaic companies reviewed sent waste products to companiesinvolved in
recovering metals or solvents from waste materials. Aluminum and lead were sent to metals
recovery facilities by one facility in 1991 and 1992 and one in 2001. Freon and solvents
including 1,1,1-trichloroethane and acetone were recovered from waste solutions. Acetone and n-
methyl-2-pyrrolidone from waste materials produced by two of the photovoltaic companies were
used in energy recovery systems. Based on the June 1999 U.S. EPA guidance document for the
semiconductor industry, acetone does not need to be reported. Because it represents about 10
percent of the wastestream of the PV industry, it has been reported anyway.

Off-Site Disposal

Waste materials produced by photovoltaic facilities were also sent off-site for disposal. Disposal
methods listed for these waste materials were landfilling and incineration. One of the six
photovoltaic facilities reviewed sent waste materials to landfills for disposal in 1987 and 1988,
including hydrochloric acid and sodium hydroxide, possibly as sludge. A different facility sent
these same two chemicals to landfillsin 2001. No waste materials were sent to landfills from
thisfacility between 1989 and 1994 (Table 3-9). Three out of the six photovoltaic facilities
reviewed sent waste materials to incinerators for disposal. The waste products that were
incinerated included 1,1,1-trichloroethane, acetone, and ammonia (See Table 3-8). In contrast to
landfilling, incineration or other thermal treatment was used as a disposal method for
photovoltaic waste products as recently as 1998. Because many of the chemicals used in large
guantities are liquids, disposal in landfillsis not likely to be the primary disposal option.
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Table 3-7
Chemicals Released in Fugitive Air Emissions by PV Companies Listed in the TRIS Database

Company 1,1,1- Freon Hydrochloric Isopropyl Lead Sulfuric  Trichloro-
and Year  Trichloroethane Acetone Ammonia Dichloromethane 113 Acid Alcohol Compounds  Methanol Acid ethylene
Astropower

2001 - - - - - - 0.11 - -
Siemens Solar Industries
1987 - - - 9718 - - - - - - -
1988 13100 - - - - - - - - - -
1989 7975 - - - - - - - - - -
1990 9570 - - - - - - - - - -
1991 9000 - - - 250 250 - - - - -
1992 - - - - 250 250 - - - - -
1993 - - - - 250 250 - - - - -
1994 - - - - 250 250 - - - - -
Spectrolab Inc.
1987 - - - - - - - - - - -
1988 250 250 - - - - - - - - -
1989 250 250 - 750 - - - - - - -
1990 3226 250 - - - - - - - - -
1991 - - - - - - - - - - -
1992 - 536 - - - - - - - - -
1993 - 46 - - - - - - - - -
1994 No chemicals were reported as released in the years from 1994 - - - - - -

through 2001

TECSTAR Inc.
1987 - 250 250 - - - - - - 0 250
1988 - 250 250 - - - - - - - 250
1989 250 250 250 - - - 250 - 250 0 250
1990 - 250 250 - - - - - - - 250
1991 - 750 750 - - - - - - 250 250
1992 - 750 750 - - - - - - - 250
1993 - 250 250 - - - - - - 250 250
1994 - - 250 - - - - - - 250 250
1995 - - 250 - - - - - - 250 250
1996 - - - - - - - - - 250 250

The values listed are in pounds.
Dash indicates that chemical was not reported.
ASE Americas Inc. and BP Solarex reported no fugitive air emissions.
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Table 3-8

Chemicals Released for Off-site Treatment by PV Companies Listed in the TRIS Database

N-
Com- Methyl-
pany 1,1,1- 2- Hydro- Hydro- Sul- Sodium
and Trichloro- Ace- Alumi- Ammo  Dichloro- Freon Pyrrolid Lead Nitrate chloric gen Nitric furic Hydrox-
Year ethane tone num -nia methane 113 one Compounds  Compounds Acid Fluoride Acid Acid ide
ASE Americas Inc.
POTW
1990 - - - - - - - - - - - (NA) - -
POTW
1991 - - - - - - - - - - - (NA) - -
POTW
1992 - - - - - - - - - - - (NA) - -
POTW
1993 - - - - - - - - - - - (NA) - -
POTW
1994 - - - - - - - - - - - (NA) - -
POTW POTW POTW
1995 - - - - - - - - (100480) - (NA) (NA) - -
POTW POTW POTW
1996 - - - - - - - - (137318) - (NA) (NA) - -
POTW POTW POTW
1997 - - - - - - - - (94714) - (NA) (NA) - -
POTW POTW
1998 - - - - - - - - POTW (NA) - (NA) (NA) - -
POTW(151,9 POTW POTW
1999 - - - - - - - - 80) - (NA) (NA) - -
POTW POTW POTW
2000 - - - - - - - - (157,030) - (NA) (NA) - -
POTW(165,4
2001 - - - - - - - - 33) - - - - -
Astropower
2001 - - - - - - - POTW (2.6); - - - - - -
Metals
Recovery
(19.4)
BP Solarex
Other
Treatment
1990 - - - - - - - - (49000) - - -
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Table 3-8 (continued)
Chemicals Released for Off-site Treatment by PV Companies Listed in the TRIS Database

Com- N- Hydro-
pany 1,1,1- Methyl-2- Hydro- gen
and Trichloro- Ace- Aluminu  Ammo Dichloro- Freon Pyrrolido  Lead Nitrate chloric Fluor- Nitric Sulfuric Sodium
Year ethane tone m nia methane 113 ne Compounds Compounds Acid ide Acid Acid Hydroxide
Metals
Recove Other
ry Treatment
1991 - - (4000) - - - - - (7326) - - - -
Metals
Recove Other
ry Treatment
1992 - - (15790) - - - - - (244) - - - -
1993 - - - - - - - - - - - - -
1994 No compounds reported as released for 1994 through 2001 - - - - - -
Siemens Solar Industries
Landfill
(135013);
Other Land
Incineration Landfill Disposal
/Thermal (23412)P (750);
Treatment oTW POTW POTW
1987 (750) (750) (20874) (6611)
Landfill
(82465);
Wastewater
Incineration Treatment
/Thermal (20700);
Treatment POTW POTW
1988 (750) - - - - (29222) (16950)
Other
Other Treatment
Treatment 23263;PO POTW
1989 (750) - TW(465) - - (26485) -
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Table 3-8 (continued)
Chemicals Released for Off-site Treatment by PV Companies Listed in the TRIS Database

Dichlo
Compa 1,1,1- ro- Lead N-Methyl- Nitrate Hydro- Sul-
ny and Trichloro- Alumi- Ammo- metha  Freon Com- 2-Pyrroli- Com- chloric Hydrogen Nitric furic
Year ethane Acetone num nia ne 113 pounds done pounds Acid Fluoride Acid Acid
Siemens Solar Industries, continued
1990 - - Other - - -
Treatment
26414,POT
W(750)
1991 - - - - - Solvents/ - - - Other
Org Reuse/Rec
Recovery overy
(6000) (18000)
1992 - - - - - Solvents/ - - - Other
Org Treatment
Recovery (28000)
(10020)
1993 - - - - - - - - Other
Treatment
(28600);PO
TW (3950)
1994 - - - - - - - - Other
Treatment
(12901);
POTW
(1800)
Spectrolab Inc.
1987 - - - POTW - - - - POTW (NA) - - POTW
(NA) (NA)
1988 - - - POTW - - - - POTW (NA) POTW (NA)  POTW POTW
(NA) (NA) (NA)
1989 - - - POTW - - - - - POTW (NA) POTW POTW
(NA) (NA) (NA)
1990 - - - POTW - - - - - POTW (NA) POTW POTW
(NA) (NA) (NA)
1991 - - - POTW - - - - POTW (NA) POTW (NA) POTW POTW
(NA) (NA) (NA)
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Table 3-8 (continued)
Chemicals Released for Off-site Treatment by PV Companies Listed in the TRIS Database

Dichlo
Compa ro- Lead N-Methyl- Nitrate Hydro- Sul-
ny and 1,1,1- metha  Freon Compou 2-Pyrroli- Com- Hydrochlor  gen Nitric furic Sodium
Year Trichloroethane Acetone Aluminum  Ammonia ne 113 nds done pounds ic Acid Fluoride Acid Acid Hydroxide
1992 Incineration/Thermal  Incineration/T - - - - - - - - - - -
(38498) hermal
(23332)
1993 - Energy - POTW (NA) - - - - POTW (NA) POTW POTW POTW -
Recovery (NA) (NA) (NA)
(8066)
1994 - - - POTW (NA) - - - - POTW (NA) POTW POTW POTW -
(NA) (NA) (NA)
1995 - - - - - - - - - - - - -
1996 - - - POTW (NA) - - - POTW (NA) - POTW - - -
(24747)
1997 - - - Other - - - - POTW - POTW - - -
Waste (24747) (37873)
Treatment
(250)
1998 - - - POTW - - - POTW POTW - - - - -
(NA); (NA) (37873)
Incineration Energy
(250) Recovery
(229400)
1999 - - - POTW - - - POTW
(NA); (NA)
Incineration Energy
(Fuel Recovery
Value250) (84882)
2000 - - - - - - - POTW
(NA)
Energy
Recovery
(345290)
The value in parentheses is the amount of the given chemical in pounds. Dash indicates that chemical was not reported.
Table 3-8 (continued)
Chemicals Released for Off-site Treatment by PV Companies Listed in the TRIS Database
1,1,1- Acetone Aluminum Ammonia Dichloro Lead N-Methyl-  Nitrate  Hydro-  Hydro- Sul- Sodium
Company Trichloro- - Freon Com- 2-Pyrro- Com- chloric gen Nitric furic Hydrox
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and Year ethane methane 113 pounds lidone pounds Acid Fluoride Acid Acid -ide
Spectrolab Inc.
2001 - - POTW (NA); - - - POTW (NA) - - - - - -
Incineration/Th Energy
ermal Recovery
Treatment (51137)
(250)
TECSTAR Inc.
1987 - Other - - - - - - - - - - - -
Treatment
(42600)
1988 - Other - POTW (250) - - - - - - - - POTW -
Treatment (250)
(31300)
1989 - - - POTW (250) - - - - - POTW POTW POTW POTW -
(250) (250) (250) (250)
1990 - Other - POTW (250) - - - - - - - - - -
Treatment
(17395)
1991 - Solvents/Org. - POTW (250) - - - - - - - - POTW -
Recovery (5)
(18146); POTW
(1000)
1992 - Solvents/Org. - POTW (750) - - - - - - - - - -
Recovery
(9449); Incin./
Thermal
Treatment
(967); POTW
(1000)
1993 - Solvents/Org. - POTW (750) - - - - - - - - POTW -
Recovery (250)
(15663);
Incin./Thermal
Treatment
(303); POTW
(250)
1994 - - - POTW (750) - - - - - - - - POTW -
(250)
1995 - - - POTW (750) - - - - - - - - - -
1996 - - - - - - - - - - - - - -

The value in parentheses is the amount of the given chemical in pounds. Dash indicates that chemical was not reported
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Table 3-9
Chemicals Released for Landfill Disposal by PV Companies Listed in the TRIS Databases

Company Hydrochloric Lead Sodium
and Year Acid Compounds Hydroxide
Astropower

2001 18.9

Siemens Solar Industries

1987 23,412 - 136,763
1988 - - 82,465
1989 - -

1990 - -

1991 - -

1992 - -

1993 - -

1994 - -

Values are in pounds. No other companies reported disposal to
landfills. Dash indicates that chemical was not reported.

TRIS does not track disposal of the completed products, only specific chemicals. Because the
expected life of installed PV systems for power generation is on the order of 30 to 40 years, there
islittle experience or information on disposal of old systems. Disposal of spent calculators or
watch batteriesis most likely to municipal landfills. Thisisunlikely to cause problems due to the
small volume and the sealed nature of the products.

Recycling of Photovoltaic Modules

Recycling is thought to be the likely handling method for spent PV modules in the future.
Because the expected life of most modules is about 30 years, there is limited experience with
large-scale programs. A promising approach that is being used at some major PV manufacturing
facilitiesis called “cradleto cradle”. Theintent isto recycle the materials, particularly the toxic
materials, into new products. This approach reduces the potential for release of toxic materials
into the environment and reduces the quantity of new resources that must be obtained.

Fthenakis (2000) explored the applicability of three different models of recycling used by the
nickel-cadmium (NiCd) battery industry, the electronics industry, and the utility industry, first
discussed by Reaven et al. (1996). The large-scale power plant installations may be handled in a
centralized manner by the owner-utility with the solar panels being sent to a central recycling
processor. The costs could be combined into the electric rate paid by power users, similar to the
present system for decommissioning of power plants. This type of centralized model is not as
practicable for the widely dispersed PV industry. Defective PV systems from manufacturing

3-19



Handling of Chemicals Used in Photovoltaic Systems

plants and used PV modules could be handled by PV manufacturers or by arecycling company
set-up by the PV manufacturers in amanner similar to the collection-recycling system for NiCd
batteries. Arrangements could be made for retailersto return modules to the recyclers. Options
for payment are available (e.g., the manufacturers, an escrow fund from a surcharge on the
purchase price, or industry dues to recyclers). The battery industry had more of an impetus to set
up arecycling system, because the batteries are classified as hazardous waste based on the
Toxicity Characteristic Leaching Procedure (TCLP). The batteries have more cadmium than
present PV cells and use Cd oxide and hydroxide, which are more soluble than CdTe. The
electronics model could involve an intermediary company that would collect the PV modules,
dismantle them, and distribute the usable parts. This model is less applicable to the PV industry,
because the valuable materials are in small quantities, and the modules are more difficult to
disassemble. For example, indium, the most expensive of the materials used in CIS cells,
represents only 2.5 to 5 percent of the total cost of a ClS module (Fthenakis, 2000). Thus,
economics alone are unlikely to generate interest in recycling.

Currently, scrap PV modules are recycled by large metal smelters that also recycle electronics
and telecommunication equipment. The benefit of using spent PV modulesin the smeltersisthe
silicafor flux. The estimated cost for recycling of silicon cellsis $175-200/ton or about $0.02
per watt for large shipmentsin 20 ton containers, plus transportation costs of $27—400/ton
(Fthenakis, 2000). The estimated cost of recycling CIS modulesis $0.08-0.11/watt by smelting,
excluding transportation. Recovery of cadmium from CIS modules would require use of a copper
and zinc smelter. CdTe cannot be processed in a zinc smelter. A method of recycling CdTe
modules has been developed by Solar Cells Inc for an estimated cost of about $0.04—0.05/watt,
excluding transportation (Bohland et al., 1998). This method involves disassembly of the
module, followed by glass crushing and separation of the metals using a combination of
chemical dissolution, mechanical separation, precipitation, and electrodeposition. About 80
percent of the original tellurium is recovered. Another method has been developed by Drinkard
Metalox Inc. (DMI) for recycling CdTe and CIS modules for an estimated cost of $0.09/watt
(Goozner et al., 1998). The DMI method uses chemical stripping, €l ectrodeposition,
precipitation, and evaporation. About 95 percent of the tellurium and 96 percent of thelead is
recovered. The metal conducting layer remains attached to the glass substrate, potentially
allowing reuse of the substrate. Other companies are devel oping methods using pyrolysis for
removing the usable silicon from cells and even regenerating cells (Bohland et al., 1998).

Research has been conducted on a method of recycling CIS and CdTe modules using
electrochemical reactions in a closed loop system (Menezes, 2000). This approach may also lead
to better efficiency in the original CIS cells. Recent work has been done using electrochemical
reactions to recyle CdS/CdTe modules (Menezes, 2001).

A magjor reason for developing feasible, cost-effective approaches for recycling PV modulesis
the scarcity of some of the exotic metals used in the PV cells. The crustal abundance of metals,
current reserves, and amount used in selected PV cells are shown in Table 3-10. Germanium and
indium have the lowest reserves, followed by tellurium (Andersson et al, 2000). Germanium is
added to amorphous-silicon cells to improve conversion efficiency;otherwise amorphous-silicon
cells have no material constraints. Production of tellurium at 1998 levels would limit increased
production of CdTe cells sooner than for other types of cells, sinceit isused in greater amounts
in the CdTe cells. Tellurium is aby-product of copper mining, while indium, germanium, and
cadmium are by-products of zinc mining. A possible source of gallium and germanium is coal

3-20



Handling of Chemicals Used in Photovoltaic Systems

ash (Andersson, 2000). Ruthenium used in the new dye-based cellsis a by-product of platinum
mining, and is also a scarce metal. Given expected growth of thin-film PV cells, material
constraints are not thought to be likely prior to about 2015 (Andersson and Jacobsson, 2000).

Table 3-10
Availability of Selected Metals Used in PV Industry

Metals Reserves Refinery Average Crustal
Requirements®  1998° Production 1997  Abundance
Technology Metal (g/m2) (Gg) (Mglyr) (ppm)
CdTe Cd 6.3 600 20000 0.1
Te 6.5 20 290 0.005
CIGS Se 4.8 70 2200 0.12
Ga 0.53 110 54 15
In 2.9 2.6 200 0.05
aSiGe Ge 0.44 2 63 14
Dye-sensitized Ru 0.1 6 11 0.001

a Source: Andersson 2000, and Andersson and Jacobsson, 2000.

b CdTe (2 m); CIGS (2 *m) and the composition Culn0.75 Ga0.25 Se2 : a-SiGe (2 *m) layer in double
junction aSi/aSiGe cell, atomic Ge:Si ratio is set to 2:3.

¢ Figures on indium and germanium reserves are estimates that do not include all economic deposits.

Waste Minimization

Waste minimization is practiced in the semiconductor industry in general, and is applicable to
the PV industry. Methods include reduction of wastewater and rinse water volumes, reuse of
rinse water after treatment, switching to less hazardous chemicals when possible, control of spills
and leaks, reduction of vapor losses, and selection of processes that use fewer chemicals.
Methods such as reuse of rinsewaters are not widely used in the semiconductor industry due to
the need for high purity materials. Recycling/reuse of chemicals has been used in semiconductor
plants to reduce quantities of hydrofluoric acid, n-methyl pyrrolidone, and solvents. Process
changes have been made such as using acid spray cleaning instead of batch processing and
switching from hazardous to less toxic chemicals (e.g., copper instead of chromium in etching
solutions) (Gilles and Loehr, 1994). Separation of spent solvents by type (e.g., chlorinated and
non-chlorinated) has helped increase the amount of solvents that can be recycled, and has made
reprocessing of solvents more feasible.

Additional research is being conducted, for example research on reducing the amount of
cadmium used in the manufacturing process for CdS thin films, which are used in CdS/CdTe
modules and CIS cells. By varying the solution composition and temperature, up to ten times less
than the typical concentration of cadmium can be used in the chemical bath deposition process
(Bayer, et a., 2000). Better methods for separating the glass from the remaining metal
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components of the PV cells are being developed by the U.S. DOE. These methods have the
potential for reducing the amount of waste by three orders of magnitude (Fthenakis, 2000).
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A

POTENTIAL HEALTH AND ENVIRONMENTAL
CONCERNS

Introduction

The photovoltaic industry uses a variety of chemicals, some of which can be toxic to humans and
biota. This chapter discusses the relative toxicity of the chemicals, in particular those that have
been identified as animal or human carcinogens. The potential for health effectsis not solely a
function of toxicity, however. For there to be arealistic risk to humans, the following conditions
must be met:

e The compound must exhibit toxicity or carcinogenicity

e The concentration must be high enough to be a concern in agiven media

e A receptor must be in the vicinity of where the compound is used

e There must be a complete exposure pathway from the compound to a receptor
e The actual exposure or dose must constitute arisk or hazard to the receptor.

Risk assessments typically construct conceptual models of the possible pathways from afacility
to determine whether complete pathways for exposure to nearby receptors exist. A complete
pathway indicates that exposure could possibly occur; it does not mean that exposure has
occurred or would actually occur. For example, a conceptual risk model for a hypothetical
photovoltaic manufacturing facility would show that the primary receptors of concern are the
plant workers. The most likely exposure route for workersisinhalation of vapors or dusts and
secondarily viadirect contact if spills occur. A minor pathway would be incidental ingestion.
Receptors outside a manufacturing facility could be exposed to the chemicals viainhalation from
stack emissions or fugitive air emissions or from an accidental release after afire or explosion.
Because the chemicals would be dispersed in the ambient air, the exposure of nearby residents or
exposure of other workers would be less than the plant workers. A conceptual model for a
hypothetical photovoltaic installation on acommercial building would show that the primary
receptors of concern are either the workersinside the building or nearby residents/workers. The
most likely exposure route for both receptor groupsis viainhaation, but only if aleak or fire
occurs, both of which are unlikely. At ahypothetical photovoltaic installation on aresidential
dwelling, the most likely route of exposure is also viainhalation if aleak or fire occurs. At a
hypothetical landfill containing spent photovoltaic modules, there are more possible pathways.
For example, groundwater seepage could reach adrinking water well or river, but in both cases
there would be dilution of the waste leachate before the water was used. Any vapor emissions
would be diluted by the ambient air before reaching nearby residents.
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Although the more likely route of exposure (inhalation) is similar in the different settings, the list
of chemicals present is quite different for a manufacturing facility and afinal PV module
installation. As discussed in Section 3, manufacturing photovoltaic cells requires large quantities
of chemicals such as solvents and acids for cleaning the semiconductor parts, gases for
depositing the ultra-thin layers of material, and metals depending on the specific type of PV
module being made. Many of these chemicals are highly toxic. The completed module, however,
isasolid contained in glass or another sealed container. No solvents or acids are present inside
the container, and the metals present would have to be leached out of the solid, broken into
particles small enough to be respirable, or released into the air during afire before there would
be any likely route of exposure at a site with installed PV modules.

Potential for Human Health Effects

Relative Toxicity and Carcinogenicity of Photovoltaic Chemicals

Human health effects of the chemicals used to manufacture photovoltaic devices can be divided
into two categories: carcinogenic effects and noncarcinogenic effects. Noncarcinogenic effects
include effects on specific organs, the reproductive system, the nervous system, or the immune
system, as well as more subtle effects such as reduced growth or appetite. A chemical is
considered noncarcinogenic if it has not been shown to promote cancerous tumor growth in
either humans or animals. Carcinogenic chemicals are those chemicals that have been shown to
promote cancerous tumor growth in humans, animals or both. Carcinogenic chemicals may also
have other effects on human health.

The noncarcinogenic effects of the chemicals are measured using various toxicity factors
developed by U.S. EPA and sometimes state agencies. These factors include oral reference
doses, inhalation reference doses, direct contact reference doses, and skin absorption rates. The
toxicity of agiven chemical often varies depending upon how it was introduced into the body
(e.g., orally or viainhalation). This discussion will focus on the use of oral and inhalation
reference doses to compare the toxicity of the various compounds used by the photovoltaic
industry, as summarized in Table 4-1. The reference dose represents the amount of a chemical
that a person can be exposed to via a specific route with no adverse effects. Thus, achemical
with alarge reference dose is less toxic than one with asmall reference dose. Not all of the
substances have been assigned oral and/or inhalation toxicity factors. To determine whether there
actually could be effects to a given receptor at a specific facility, a hazard index is calcul ated.
These calculations consider the exposure dose, duration of exposure, route (e.g., inhalation or
oral), and situation (e.g., the receptor is an adult worker or a child). The chemical is considered a
potential concern if the hazard index exceeds 1 for a given exposure pathway and receptor.

The relative carcinogenicity of the various chemicals is measured using slope factors, with
separate factors depending on exposure route. The larger the slope factor, the more carcinogenic
the compound. Cancer risks are expressed based on exposure for alifetime and are expressed as
aprobability. The U.S. EPA considers arisk higher than onein amillion for residential receptors
or one in ten thousand for industrial receptors as a potential concern.
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Table 4-1
Toxicity Factors for Selected Chemicals Used in Photovoltaic Cells

Oral Slope Inhal Slope

Oral RfD Factor Factor Inhal RfD Inhal RfC
Chemical* mag/kg/day (mg/kg/day)* (mg/kg/day)* mg/kg/day mg/cu. m
Acetone 1.00E-01 NC NC 1.00E-01 NA
Aluminum 1.00E+00 NC NC 1.40E-03 NA
Ammonia 2.90E-02 NC NC 2.90E-02 1.00E-01
Arsenic 3.00E-04 1.50E+00 1.50E+01 NA NA
Arsine NA 1.50E+00 1.50E+01 1.43E-05 5.00E-05
Cadmium 5.00E-04, 3.80E-01 6.3E+00; 1.00E-03 NA

(1.00E-03) (1.50E+01)
Copper 3.70E-02 NC NC NA NA
Dichloromethane 6.00E-02 7.50E-03 NC 6.00E-02 NA
Ethyl Acetate 9.00E-01 NC NC 9.00E-01 NA
Ethyl Vinyl Acetate NA NC NC NA 2.00E-01
Hydrochloric Acid NA NC NC 2.00E-03 7.00E-03
Hydrogen Sulfide 3.00E-02 NC NC 2.90E-04 1.00E-03
Methanol 5.00E-01 NC NC 5.00E-01 NA
Molybdenum 5.00E-03 NC NC NA NA
Nickel 2.00E-02 NC NC NA NA
Phosphine 3.00E-04 NC NC 8.57E-05 3.00E-04
Phosphoric Acid NA NC NC 2.90E-03 NA
Selenium 5.00E-03 NC NC NA NA
Sodium Hydroxide NA NC NC 1.40E-03 4.80E-03
Thiourea 8.00E-05 NC NC NA NA
Tin 6.90E-01 NC NC NA NA
1,1,1-Trichloroethane 2.00E-02 NC NC 2.00E-02 NA
Trichloroethylene 6.00E-03 1.50E-02 1.00E-02 6.00E-03 NA
Vinyl Acetate 1.00E+00 NC NC 5.70E-02 2.00E-01
Zinc 3.00E-01 NC NC 3.00E-01 NA
Zinc Phosphide 3.00E-04 NC NC NA NA

*Metals are used as compounds, not in elemental form.
NA = not available;

NC = non-carcinogen, so not applicable.

Rfd = Reference Dose; Rfc = Reference Concentration

Values not in parentheses are U.S. EPA guidelines; Values in parentheses are State of California guidelines.
Information was compiled from Marschack, 2000.

The noncarcinogenic chemicals used by the photovoltaic industry that have low oral reference
doses include thiourea, phosphine, zinc phosphide, molybdenum, selenium, and
trichloroethylene. Thioureais used as a precursor of sulfide in the production of CdTe/CdS solar
cells. Phosphine is a doping gas that is used in the production of amorphous silicon, ZnP, and
GaAs solar cells. Zinc phosphide is the main compound used in the production of ZnP solar cells
(thistype of cells has not been commercialized yet). Molybdenum and selenium are trace
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elements that are used in the production of CIS and CIGS solar cells. Trichloroethyleneisa
solvent used for cleaning purposes in the production of GaAs solar cells. Oral reference doses for
these and other chemicals used by the photovoltaic industry can be found in column 2 of Table
4-1.

The noncarcinogenic chemicals used by the photovoltaic industry that have low inhalation
reference doses include phosphine, hydrogen sulfide, phosphoric acid, and hydrochloric acid.
The photovoltaic technol ogies that use phosphine were discussed in the previous paragraph.
Hydrogen sulfide is agas that is used in the production of CIS solar cells. Phosphoric acid and
hydrochloric acid are primarily used for the cleaning of wafers or to remove impurities from raw
semiconductor materials. Phosphoric acid is used in the production of amorphous silicon solar
cells but may also be used in the production of other types of solar cells. Hydrochloric acid is
used in the production of avariety of solar cellsincluding crystalline silicon, polycrystalline
silicon, amorphous silicon, CdS, GaAs and others. Inhalation reference doses for these and other
chemicals used by the photovoltaic industry can be found in column 5 of Table 4-1.

Carcinogenic chemicals used by the photovoltaic industry include arsenic, arsine, cadmium,
dichloromethane, and trichloroethylene. All five of the carcinogenic chemicalslisted have
established oral slope factors. Four out of the five carcinogenic chemicals also have established
inhal ation slope factors. Dichloromethane is the only carcinogenic chemical that does not have
an established inhalation slope factor. For both oral ingestion and inhalation, arsenic, arsine, and
cadmium are the chemicals with the highest carcinogenicity. All three of these chemicals are
more carcinogenic through inhalation than oral ingestion. The oral and inhalation slope factors
for the carcinogenic chemicals are listed in columns 3 and 4 of Table 4-1.

The carcinogenic chemicals listed above have other effects on human health that are not
associated with increased cancer risks. Arsenic, cadmium, dichloromethane, and
trichloroethylene have established oral reference doses. Based on the oral reference dose values
for these four chemicals, arsenic is the most toxic chemical through oral ingestion, although the
time of exposure and concentration of the chemicalsis also important in determining the actual
hazard index. Arsine, cadmium, dichloromethane, and trichloroethylene have established
inhalation reference doses. Out of these four chemicals, arsine is the most toxic viathe inhalation
exposure route. The oral and inhal ation reference dose values for the carcinogenic chemicals are
listed in columns 2 and 5 of Table 4-1.

The use of the various carcinogenic compounds varies among the different photovoltaic

technol ogies. Cadmium compounds are used for the production of various thin-film solar cells.
CdTe and CdS are used in the production of CdTe/CdS cells. CdSisused in CIS and CIGS solar
cellsand in newer types under development using Cu,S/CdS (Patterson et al., 1994). Some
technologies for producing CIS and CIGS cells can substitute another heterojunction material for
the cadmium sulfide layer present on the top of the thin-film CIS and CIGS cells to improve
energy efficiency (Goetzberger and Hebling, 2000).

Arsineisadoping gas that is used in the production of polycrystalline silicon cells and gallium
arsenide solar cells (Fthenakis and Moskowitz, 1995 and 1997). Gases are used to produce the
thin layers of metals, but are not present in the final modules. Arsenicisametaloid that is used
to produce gallium arsenide crystals used in GaAs solar cells, which are used for space
applications. Trichloroethylene and dichloromethane are solvents that are used primarily for
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cleaning purposes. These types of solvents may be used in the production of several different
types of photovoltaic modules.

Chemicals with Drinking Water Standards

The photovoltaic chemicals with established drinking water standards are listed in Table 4-2.
Both the Californiaand EPA drinking water standards are included in this table. The standards
listed for drinking water are the primary and secondary maximum contaminant levels (MCLS).
Primary MCLs are derived from health-based criteria using a one-in-a-million incremental

cancer risk for carcinogens and threshold toxicity levels for noncarcinogens. Secondary MCLs
are derived from human welfare considerations that include taste, odor, and laundry staining. The
specific MCL s can take economic costs of treatment into account. As can be seen from the table,
most photovoltaic chemicals do not have established drinking water standards. The primary
chemicals used by the PV industry that have established drinking water standards are arsenic,
cadmium, copper, zinc, and solvents.

Chemicals with Air-Related Exposure Levels

The relative toxicity and allowable exposure limits for air exposures vary greatly among the
different chemicals used in the production of photovoltaic devices. Table 4-3 lists the threshold
limit values (TLV), immediately dangerous to life or health concentrations (IDLH), short-term
exposure levels (STEL ), and permissible exposure limits (PEL) for a variety of chemicals used
by the photovoltaic industry. These exposure limits were devel oped by various government
agencies to protect worker health in manufacturing facilities. The PEL and TLV values focus on
worker exposure during the daily workday or workweek, and the IDLH and STEL values focus
on short-term exposures to chemicals. The chemicals of most concern for short-term exposure
are the gases such as hydrogen selenide, hydrogen, and arsine. Cadmium dust fumes also have
low allowable exposure limits.
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Table 4-2

Drinking Water Standards for Photovoltaic Chemicals

Chemical

Drinking Water Criteria (ug/L)

CA Primary MCL

CA Secondary MCL

EPA Primary MCL

EPA Secondary MCL

Acetone

Aluminum

Ammonia

Ammonium chloride
Ammonium fluoroborate
Arsenic

Arsine

Boron trichloride
Cadmium and compounds
Copper and compounds
Diborane
Dichloromethane
Ethyl acetate

Ethyl vinyl acetate
Gallium

Germane

Germanium
Germanium tetrafluoride
Hydrochloric acid
Hydrogen selenide
Hydrogen sulfide
Indium

Isopropyl alcohol
Methanol
Molybdenum

Nickel

Nitric acid

Phosphine
Phosphoric acid
Phosphorus oxychloride
Phosphorus trichloride
Selenium

Silane

Silicon nitride

Silicon tetrafluoride
Silver and compounds
Sodium chloride
Sodium hydroxide
Sulfuric acid

Tantalum pentoxide
Tellurium

Thiourea

Tin

Titanium tetrachloride
1,1,1-Trichloroethane
Trichloroethylene
Trichlorosilane
Triethyl gallium
Trimethyl gallium
Trimethyl indium
Trimethyl zinc

Vinyl acetate

Zinc

Zinc fluoroborate

Zinc phosphide

1000

50

200

50 to 200

*The second value listed is a proposed drinking water standard.
*MCL includes this "Action Level" to be exceeded in no more than 10% of samples at the tap.

Reference: Marshack, 2000.



Table 4-3

Summary of Air Exposure Limits for Selected Photovoltaic Chemicals

Potential Health and Environmental Concerns

Chemical TLV* IDLH* STEL* PEL*

Arsine 0.05 ppm 6 ppm NA NA

Cadmium 0.05 40 NA 0.005 ppm
Chlorosilanes NA 8000 ppm NA 5 ppm

Copper 1 dust; 0.2 fume NA NA 1 dust; 0.1 fume
Diborane 0.1 ppm 40 ppm 0.1 ppm 0.1 ppm

Ethyl Acetate 400 ppm NA NA NA

Germane 0.64; 0.2 ppm NA NA NA

Germanium Tetrafluoride 0.6; 0.2 ppm NA 1.9; 0.6 ppm NA

Hydrogen Fluoride 2.5; 3 ppm 30 ppm 5; 6ppm 2.5; 3 ppm
Hydrogen Selenide 0.16; 0.05 ppm 2 ppm NA 0.16; 0.05 ppm
Hydrogen Sulfide 10 ppm 300 ppm 15 ppm 10 ppm

Indium 0.1 NA NA 0.1

Phosphine 0.3 ppm 200 ppm 1 ppm NA

Selenium 0.2 NA 0.2 0.2

Silane 5 NA NA NA

Tantalum NA NA NA 5 ppm
Tellurium 0.1 NA NA 0.1

Thallium 0.1 (skin) NA NA NA

Tin 2; 0.1 (org cmpd) NA NA NA
Trichloroethylene NA 1000 ppm NA NA

Vinyl Acetate 10 ppm NA NA NA

Zinc 10 dust; 5 fume NA NA NA

*Units are mg/m3. unless noted. NA means not available.

References: Partain et al., 1987; Wolfson and Vernon, 1987; Fthenakis et al., 1987; Moskowitz et al., 1987;

Kalb and Moskowitz, 1989; Moskowitz and Fthenakis, 1991; Moskowitz, 1992 and 1995;

Fthenakis and Moskowitz, 1995, 1997, and 2000; Fthenakis et al., 1999; Ullmann, 1999.

TLV - Threshold limit value is the recommended maximum time-weighted average concentration for exposures during
an 8 hr working day or a 40 hr working week.

IDLH - The immediately dangerous to life or health concentration is defined by the National Institute for Occupational

Safety and Health (NIOSH) as the maximum concentration from which one could escape within 30 minutes without any escape-
impairing symptoms or any irreversible health effects.

STEL - The threshold limit value, short term exposure level is defined by the American Conference of Governmental
Industrial Hygienists (ACGIH) as the maximum concentration to which workers can be exposed for a period up to 15 minutes,
provided not more than four excursions per day are permitted with at least 60 minutes between exposure periods and provided that
daily PEL is not also exceeded.

PEL - The permissible exposure limit is defined by OSHA as the time-weighted average threshold concentration
above which workers must not be exposed during work-shifts (8 hr/day, 40 hr/week).
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Table 4-4

PRGs for Selected Chemicals Used in Photovoltaic Cells

Chemical

Acetone

Aluminum

Ammonia

Ammonium chloride
Ammonium fluoroborate
Arsenic

Arsine

Boron trichloride
Cadmium and compounds
Copper and compounds
Diborane
Dichloromethane
Ethyl acetate

Ethyl vinyl acetate
Gallium

Germane

Germanium
Germanium tetrafluoride
Hydrochloric acid
Hydrogen selenide
Hydrogen sulfide
Indium

Isopropyl alcohol
Methanol
Molybdenum

Nickel

Nitric acid

Phosphine
Phosphoric acid
Phosphorus oxychloride
Phosphorus trichloride
Selenium

Silane

Silicon nitride

Silicon tetrafluoride
Silver and compounds
Sodium chloride
Sodium hydroxide
Sulfuric acid

Tantalum pentoxide
Tellurium

Thiourea

Tin

Titanium tetrachloride
1,1,1-Trichloroethane
Trichloroethylene
Trichlorosilane
Triethyl gallium
Trimethyl gallium
Trimethyl indium
Trimethyl zinc

Vinyl acetate

Zinc

Zinc fluoroborate

Zinc phosphide

Preliminary Remediation Goals (PRGs)"

Residential Soil
(mg/kg)
1.60E+03
7.60E+04

2.2E+01 (3.9E-01)°

3.7E+01
2.9E+03

1.9E+04

3.1E+04
3.9E+02
1.6E+03
1.8E+01
3.9E+02

3.9E+02

4.7E+04

6.3E+02
2.8E+00

4.3E+02
2.3E+04

2.3E+01

Industrial Soil
(mg/kg)
6.30E+03
1.00E+05

4.4E+02 (2.7E+00)°

8.1E+02
7.6E+04

3.7E+04

1.0E+05
1.0E+04
4.1E+04

2.6E+02

1.0E+04

1.0E+04

1.0E+05

1.4E+03
6.1E+00

1.4E+03
1.0E+05

6.1E+02

Ambient Air
(ng/m’)
3.70E+02
5.10E+00
1.0E+02

4.5E-04
5.2E-02

1.1E-03

3.3E+03

1.0E+00

1.8E+03

1.0E+03
1.1E+00

2.1E+02

Tap Water

(na/h
6.10E+02

3.60E+04

1.8E+01
1.4E+03

1.1E+02

1.8E+04
1.8E+02
7.3E+02

1.1E+01

1.8E+02

1.8E+02

2.2E+04

5.4E+02
1.6E+00

4.1E+02
1.1E+04

1.1E+01

*U. S. EPA, Region 9 Preliminary Remediation Goals (PRGSs) (2000).
*The value in parentheses is the cancer endpoint.
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Preliminary Remediation Goals for Chemicals Used in the PV Industry

Table 4-4 lists preliminary remediation goals (PRGs) for the identified chemicals used by the
photovoltaic industry. PRGs provide a useful screening tool to identify chemicals that could be
of concern and the media where the concentrations should be evaluated. PRGs are also used for
evaluating whether contaminated sites need to be remediated. They are risk-based concentrations
derived from standardized equations, combining exposure information assumptions and toxicity
data (U.S. EPA, 2000). The remediation goals listed in the table include those established for
residential soil, industrial soil, ambient air, and tap water. Only about athird of the chemicals
used by the photovoltaic industry have established PRGs. The chemicals with PRGs include
most of the heavy metals (e.g, arsenic, cadmium, copper, zinc), solvents, and some of the gases.
The chemicals of potential concern are arsenic, cadmium, phosphine, and trichloroethylene. As
discussed below, the potential for exposure to arsenic, phosphine and trichloroethylene is at
manufacturing facilities, not at completed installations. The potential for exposure to cadmium
compounds is small at completed installations.

Potential for Human Health Risks Associated with PV Devices

The production of photovoltaic devices can involve the use of some toxic and explosive gases,
corrosive liquids, and suspected carcinogenic compounds. The magnitude of potential effects
will vary based on the materials' toxicological properties, and the intensity, frequency, and
duration of human exposure (Fthenakis and Moskowitz, 2000). The potential for human
exposure to these materials can occur during the manufacturing process, from the leaching of
cracked or broken modules, or from the combustion of modules.

The greatest possibility of human health risks associated with photovoltaic devicesisrelated to
manufacturing, rather than installation, of these devices. Because of the higher risks of worker
exposure, extensive work has been conducted on methods to reduce the hazards to manufacturing
plant workers (Moskowitz, 1995). Worker safety is also regulated by the federal Occupational
Safety and Health Administration (OSHA) and similar state agencies. OSHA sets standards for
allowable chemical concentrations that workers can be exposed to over an 8-hour work day, in
addition to the maximum allowable concentrations without personal protective equipment.

Potential for Effects at Manufacturing Facilities

Short-term exposures to highly toxic substances used in the photovoltaic industry would
primarily be associated with the accidental release of toxic gases. Thistype of accidental release
may present health risks to both workers and the general public. The production of photovoltaic
devices can involve the use of a number of gases including silane, arsine, phosphine, hydrogen
sulfide, and hydrogen selenide. Due to the toxic and explosive nature of these gases, the possible
dangers to health from these gases can be both physical (explosions) and biological (inhalation of
gases) (Moskowitz, 1995).

Accidental releases of toxic gases are likely to be contained within the manufacturing plant,
therefore, plant workers would be at the highest risk for exposure to toxic gases. However, the
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general public living in the vicinity of the plant may be at risk from a catastrophic rel ease of
toxic gases (e.g., alarge explosion at the manufacturing facility). The likelihood of such a
catastrophic release of gasis extremely remote, and at the present time, no catastrophic releases
of toxic gases from photovoltaic manufacturing facilities are known to have occurred. Also, any
toxic gas released from the plant would be diluted by atmospheric dispersion processes and
would not likely present a significant risk to public health (Moskowitz, 1995).

In the manufacturing plant, the release of gases may be associated with the storage, distribution,
use, and disposal of these gases (Fthenakis and Moskowitz, 1987). Typically, accidental releases
of toxic gases can be caused by either human error or equipment failure. The mishandling of
pressurized gas containers, inadequate purging of gas manifolds, and the cross-threading of
valves on gas containers are common human errors that can lead to gas leaks. However, several
prevention and control options exist to prevent or minimize leaks (Fthenakis, 1998). The
existence of these prevention and safety systems to detect |eaks and the fact that releases are
likely to occur outside of occupied work space greatly reduces the human health risks associated
with the use of toxic gases.

The exposure to low levels of toxic materials used by the photovoltaic industry over long periods
of time may present potential health risks to both workers and the general public. In production
facilities, workers may be directly exposed to hazardous compounds through the air they breathe,
from ingestion by hand to mouth contact, or from absorption through the skin (Moskowitz,
1995). The genera public may be exposed to low levels of chemicals from photovoltaic
production facilities through indirect pathways (Fthenakis and Moskowitz, 2000). An example of
an indirect pathway would be the contamination of public drinking water from the improper
disposal or treatment of plant effluent.

Potential for Hazards at PV Installations

Potential human health risks could occur from the leaching of materials from broken
photovoltaic modules. Leaching from cracked or broken modules may occur while the modules
are still in service or after they have been disposed of. The primary chemicals of concern from
the leaching of photovoltaic modules are heavy metals such as cadmium and selenium. Modules
leaching metals onto rooftops of residential houses or commercial buildings appear to pose little
risk to human or environmental health. Steinberger concluded in a 1998 study that leaching of
broken modules into garden water or into soil of aresidential house does not appear to represent
an acute risk to human beings or the environment. Table 4-5 presents results from the leaching of
CdTe small panel, CdTe large panel, CdTe, and CIS modules. Cadmium exceeded EPA
guidelinesin leaching tests involving early CdTe modules, and mercury exceeded EPA
guidelines in leaching tests conducted on both CdTe and CIS modules. Current-generation CdTe
modules pass the TCLP test. For example, TCLP tests on the CdTe Apollo thin-film cells had Cd
concentrations of 0.1 to 0.45 mg/L, depending on sample size (Cunningham, 1998). The higher
Cd concentration occurred in the smaller sample sizes. Mercury is not a component of PV cells,
so the reason for the exceedance in the tests is unknown. The detected mercury could be due to
contamination in the laboratory. L eaching data were not available for other types of photovoltaic
modules. However, standard leaching tests are likely to overestimate the actual risk at an
installation, because the modules are sealed containers and do not contain liquid or gases when
completed.
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Table 4-5

Summary of Leach Testing Results for Photovoltaic Modules
Element Units Module Type EC Test EP Test TCLP Test EPA Limit Source
Ag mg/L CIS - 0.02 0.05 5 Moskowitz and Fthenakis, 1991
As mg/L CIS - 2 0.1 5 Moskowitz and Fthenakis, 1991
Ba mg/L CIS - 0.2 0.2 100 Moskowitz and Fthenakis, 1991
Cd mg/L CIS - 0.09 0.15 1 Moskowitz and Fthenakis, 1991
Cr mg/L CIS - 0.1 0.15 5 Moskowitz and Fthenakis, 1991
Hg mg/L CIs - 0.5 0.5 0.2 Moskowitz and Fthenakis, 1991
Pb mg/L CIs - 0.2 3.8 5 Moskowitz and Fthenakis, 1991
Se mg/L CIS - 0.2 0.1 1 Moskowitz and Fthenakis, 1991
Ag mg/L CdTe small panel - 0.02 0.05 5 Moskowitz and Fthenakis, 1991
As mg/L CdTe small panel - 2 0.1 5 Moskowitz and Fthenakis, 1991
Ba mg/L CdTe small panel - 0.2 0.2 100 Moskowitz and Fthenakis, 1991
Cd mg/L CdTe small panel - 0.87 8 1 Moskowitz and Fthenakis, 1991
Cr mg/L CdTe small panel - 0.1 0.14 5 Moskowitz and Fthenakis, 1991
Hg mg/L CdTe small panel - 0.5 0.5 0.2 Moskowitz and Fthenakis, 1991
Pb mg/L CdTe small panel - 0.2 0.13 5 Moskowitz and Fthenakis, 1991
Se mg/L CdTe small panel - 0.2 0.1 1 Moskowitz and Fthenakis, 1991
Ag mg/L CdTe large panel - 0.02 0.05 5 Moskowitz and Fthenakis, 1991
As mg/L CdTe large panel - 2 0.16 5 Moskowitz and Fthenakis, 1991
Ba mg/L CdTe large panel - 0.2 4.6 100 Moskowitz and Fthenakis, 1991
Cd mg/L CdTe large panel - 2.3 9.5 1 Moskowitz and Fthenakis, 1991
Cr mg/L CdTe large panel - 0.1 0.16 5 Moskowitz and Fthenakis, 1991
Hg mg/L CdTe large panel - 0.5 0.5 0.2 Moskowitz and Fthenakis, 1991
Pb mg/L CdTe large panel - 0.1 0.26 5 Moskowitz and Fthenakis, 1991
Se mg/L CdTe large panel - 0.2 0.1 1 Moskowitz and Fthenakis, 1991
Cd mg/L CdTe Apollo 0.05+-0.02 - 0.61+-0.07 1 Patterson et al., 1994
Zn mg/L CIS - - 18 None Fthenakis and Moskowitz, 1995
Mo mg/L CIS - - 2 None Fthenakis and Moskowitz, 1995
Se mg/L CIS - - 0.06 1 Fthenakis and Moskowitz, 1995
Cd mg/L CIs - - 0.031 1 Fthenakis and Moskowitz, 1995
Cd mg/L CdTe - - 1.53+-0.21 1 Fthenakis and Moskowitz, 1995
Te mg/L CdTe - - 0.47+-0.07 None Fthenakis and Moskowitz, 1995
Al mg/L CdTe - - 1.26+-0.14 None Fthenakis and Moskowitz, 1995
Ni mg/L CdTe - - 0.39+-0.05 5* Fthenakis and Moskowitz, 1995
Cd mg/L CdTe Apollo - - 0.1-0.45 1 Cunningham, 1998

Reference: Steinberger, 1998, and others.
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Accidental fires on rooftops or combustion of spent modulesin amunicipal solid waste
incinerator could theoretically release fumes or vapors into the atmosphere. The inhalation of
these fumes or vapors by nearby populations could affect human health. The nearby populations
are of primary concern because the concentrations of chemicalsin the air decline rapidly as
distance from the source increases (Moskowitz, 1995). The types of chemicals released by afire
vary depending upon the type of photovoltaic module installed. As discussed in Section 3,
incineration of spent modulesis not alikely disposal method, compared to eventual recycling.

A study conducted by Moskowitz and Fthenakis in 1990 focused on materials released during the
combustion of CIS, CdTe, and GaAs modules. GaAs modules are produced only for space
applications. CdTe is nonflammable and does not melt until temperatures are over 1000°C
(Zweibel, et a., 1998). The study concluded that the overall risk to public health from afire
involving photovoltaic modules would be highest for commercial buildings and would be very
small for residential buildings. This conclusion was based on the fact that there could be higher
concentrations of chemicals released by afire due to the larger quantity of photovoltaic modules
on acommercial building. The study also found that firesinvolving photovoltaic modules are
typically short-term events. Due to the fact that these fires are short-term in nature, the authors
concluded that alerting all residents within about 1 — 2 km of afire to remain in their homes and
to close al their windows should protect public health (Moskowitz and Fthenakis, 1990).

Potential for Hazards at Landfills with PV Modules

Disposal of large quantities of modulesin asingle landfill could lead to increased potential risks
to humans and biota. The leaching of chemicals from these landfilled modules has the potential
to contaminate local ground and surface water. As discussed previously, cadmium exceeded EPA
TCLP criterion in leaching testsinvolving early CdTe modules, and mercury exceeded TCLP
criterion in leaching tests conducted on both CdTe and CIS modules (Table 4-5). However,
newer CdTe cells did not exceed the cadmium criteria, and the source of the mercury isin
guestion asit is not a component used in cell manufacturing. At present CdTe modul es represent
only about 0.4 percent of the PV modules being used worldwide, and CIS modules are about
smaller percentage (0.2 percent) (Goetzberger et a., 2003). The standard leaching tests are
intended to be conservative, and overestimate the potential for release of metals from the
enclosed solid PV modules. Because of the relatively long life of PV modules and the fact that
the photovoltaic industry is comparatively new, no relevant leachate data from landfills were
available.

Relative Toxicity to Biota

Biota inhabiting the areas in the vicinity of an accidental release at a manufacturing facility could
be exposed to elevated concentrations of chemicals through direct ingestion of compounds,
ingestion of contaminated water, contact with contaminated soils, or inhalation of contaminated
air. Exposure to chemicals can lead to avariety of impacts on organisms, including impaired
reproduction, decreased pulmonary activity, increased mortality, and reduced growth. The
severity of any effects will vary depending upon the amount and type of chemical being released.
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To protect aguatic organisms, National Ambient Water Quality Criteria have been devel oped for
numerous chemicals. National Ambient Water Quality Criteria present both acute and chronic
limits for a given chemical. Acute concentration criteria are designed to protect an aquatic
organism from short-term, high-level exposuresto a pollutant and are expressed as 1-hour
average or instantaneous maximum concentrations. Chronic concentration criteria are designed
to protect an aquatic organism from long-term, low-level exposures to a pollutant and are
expressed as 4-day or 24-hr average concentrations (Marshack, 2000). Table 4-6 lists the
National Ambient Water Quality Criteriafor Freshwater Aquatic Life Protection for the
chemicals used in the production of photovoltaic devices. The table also includes the lowest
observed effect level (LOEL) value for dichloromethane, 1,1,1-trichloroethane, and
trichloroethylene. The LOEL is defined as the lowest dose that resulted in a measurable
detrimental effect to study animals.

Ammonia, arsenic, and heavy metals are the only photovoltaic chemicals with established
aquatic life criteria. Based on the criteria, cadmium appears to be the chemical most toxic to
aguatic organisms (2.2 pg/L chronic and 4.3 pg/L acute). Toxicity tests conducted by the U.S.
Fish and Wildlife Service have shown that elevated levels of cadmium are associated with high
mortality, reduced growth, inhibited reproduction, and other adverse effects on aquatic
organisms (Eisler, 1985). The impact of cadmium on aquatic organisms depends on the its form;
various forms of cadmium have different toxicities and bioconcentration factors (EPA, 1984).

Studies conducted by the National Institute of Environmental Health Studies (NIEHS) (e.g.,
Morgan et al., 1999 and Fthenakis et al., 1999) looked at some toxicological impacts on rats from
exposure to CdTe, CIS, and CGS. The study focused on systemic, reproductive, and pulmonary
systems. The systemic and reproductive impacts of these compounds were assessed using direct
ingestion of these compounds. The potential impacts of these compounds on the pulmonary
system were assessed through the inhalation of these compounds. Various doses of each
compound were used in the studies to determine a maximum tolerable dose.
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Table 4-6

National Ambient Water Quality Criteria for Photovoltaic Chemicals - Freshwater Aquatic Life Protection

California Chronic

California Acute

USEPA Acute

Concentration Concentration USEPA Chronic Concentration Concentration Acute LOEL
Chemical (ng/L) (nglL) (ng/L) (ng/L) (ngiL)
Acetone - - - - -
Aluminum (total recoverable) - - 87 (pH 6.5 -9) 750 (pH 6.5 - 9) -
Ammonia (fish early life stage) - - 5.91 mg N/L (pH 7 and 14 C) - -
Ammonia (adult fish) - - 6.11 mg N/L (pH 7 and 14 C) 36.1 mg N/L; 24.1 mg N/L -
salmonids present (pH 7)

Ammonium chloride - - - - -
Ammonium fluoroborate - - - - -
Arsenic 150 (dissolved) 340 (dissolved) 150 (dissolved) 340 (dissolved) -
Arsine - - - - -
Boron trichloride - - - - -
Cadmium and compounds 2.2 (hardness 100) 4.3 (hardness 100) 2.2 (hardness 100) 4.3 (hardness 100) -
Copper and compounds 9 (hardness 100) 13 (hardness 100) 9 (hardness 100) 13 (hardness 100) -
Diborane - - - - -
Dichloromethane - - - -

Ethyl acetate

Ethyl vinyl acetate
Gallium

Germane
Germanium
Germanium tetrafluoride
Hydrochloric acid
Hydrogen selenide
Hydrogen sulfide
Indium

Isopropyl alcohol
Methanol
Molybdenum
Nickel

Nitric acid

52 (hardness 100)

470 (hardness 100)

52 (hardness 100)

470 (hardness 100)
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Table 4-6 (continued)
National Ambient Water Quality Criteria for Photovoltaic Chemicals - Freshwater Aquatic Life Protection

California Chronic California Acute USEPA Chronic USEPA Acute

Concentration Concentration Concentration Concentration Acute LOEL
Chemical (ng/L) (ng/L) (ng/L) (ng/L) (pg/L)
Phosphine - - - - -
Phosphoric acid - - - - -
Phosphorus oxychloride - - - - -
Phosphorus trichloride - - - - -
Selenium (total recoverable) 5 (not for entire State)* 20 (not for entire State)** 5 (a) -

Silane - - - - -
Silicon nitride - - - - -
Silicon tetrafluoride - - - - -
Silver and compounds - 3.4 (dissolved - hardness 100) - - -
Sodium chloride - - - - -
Sodium hydroxide - - - - -
Sulfuric acid - - - - -
Tantalum pentoxide - - - - -
Tellurium - - - - -
Thiourea - - - - -
Tin - - - - -
Titanium tetrachloride - - - - -
1,1,1-Trichloroethane - - - - 18000
Trichloroethylene - - - - 45000
Trichlorosilane - - - - -
Triethyl gallium - - - - -
Trimethyl gallium - - - - -
Trimethyl indium - - - - -
Trimethyl zinc - - - - -
Vinyl acetate - - - - -
Zinc 120 (hardness 100) 120 (hardness 100) 120 (hardness 100) 120 (hardness 100) -
Zinc fluoroborate - - - - -
Zinc phosphide - - - - -

LOEL - Lowest Observed Effect Level

(a) The maximum concentration is equal to 1/((f1/185.9)+(f2/12.83)), where f1 and f2 are the fractions of total selenium that are treated as selenite and selenate, respectively.
*Applies to SF Bay through Suisun Bay and Sacramento-San Joaquin Delta, Salt Slough, Mud Slough (north), and San Joaquin

River, Sack Dam to mouth of Merced River, does not apply to Grassland Water District, San Luis National Wildlife Refuge, and Los Banos State Wildlife Refuge.

**Applies to SF Bay through Suisun Bay and Sacramento-San Joaquin Delta, Salt Slough, Mud Slough (north), and San Joaquin River, Sack Dam to mouth of Merced River, does not
apply to San Joaquin River, mouth of Merced to Vernalis.

Reference: Marshack, 2000
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The results from these studies are presented in Tables 4-7 and 4-8. Of the three substances
tested, the study concluded that CdTe was the most toxic, followed by CIS, and then CGS.
Exposure to CdTe led to significant decreases in weight gain, deaths at the highest and second
highest doses, and the highest respiratory tract toxicity. The effects of CdTe to the respiratory
tract included necrosis of the epithelial lining of the terminal bronchioles and alveolar ducts. It is
important to note that these studies were based on exposure through direct ingestion or inhalation
of the compounds, which would overestimate the exposure to biotic organisms at or near actual
PV manufacturing facilities or installation sites, as actual exposures would involve inhalation of
ambient air mixed with the chemicals. Ingestion of compounds by biota at a manufacturing
facility or instalation is an unlikely pathway.

LC50, LD50, LC100 and other toxicity tests using rats, mice, monkeys, rabbits, and hamsters
have been conducted for alimited number of chemicals used to manufacture photovoltaic
devices. LC and LD toxicity tests determine the concentration or dose of a given chemical that
causes a certain percentage of mortality in atest population of biotic organisms (i.e., LC50 tests
determine the concentration causing 50% mortality). These types of toxicity tests are often used
to determine criteria values for agiven chemical (i.e., National Ambient Water Quality Criteria).
Table 4-9 presents the results of toxicity tests conducted on selected chemicals used to
manufacture photovoltaic devices. Most of the chemicals with test data would be those used in
the manufacturing process, and thus biota are unlikely to be exposed to them except as a result of
fires or explosions.
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Systemic and Reproductive Toxicology (Ingestion Pathway)*

Potential Health and Environmental Concerns

Inhibition of Inhibition of Effects on

Dose Weight Weight Effect on Reproduction Liver, Toxicity to Toxicity to
Compound (mg/kg/day) Gain - Female  Gain - Male Ovulation  Effects*** Kidney Systemic Reproductive
Copper Indium 50 No No No No No Mild None
Diselenide (CIS)

100 No Yes No No No Mild None

250 No Yes No No No Mild None
Cadmium Gallium = 30 No No No - - Mild -
Diselenide (CGS)

100 No Yes** No - Possible Mild -

250 No Yes** Yes - Possible Mild -
Cadmium 10 Yes** Yes** No No No Mild None
Telluride (CdTe)

30 Yes** Yes** No No No Mild None

100 Yes** Yes** No No Possible Mild None

The results presented are from tests conducted using laboratory rats (Fthenakis et al., 1999).
*Dose in stomach simulating ingestion.

**Dose-related (effect was more significant at higher doses).

***Number of live pups/litter.
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Table 4-8

Acute Pulmonary Toxicology (Inhalation Pathway)*

Dose Inhibition of Lung Weight Increase  Lung Increase of Cells Comparative
Compound (mg/kg/day) Weight Gain (mg/g body) Inflamation in BALF*** Mortality ~ Acute Toxicity
Copper Indium 12.5 No No Mild** Yes** No Intermediate
Diselenide (CIS)

25 No No Mild** Yes** No Intermediate

50 No Yes Moderate** Yes** No Intermediate

100 Yes Yes Moderate** Yes** (greatest) No Intermediate
Cadmium Gallium 12.5 No No Minimal No No Lowest
Diselenide (CGS)

25 No No Minimal No No Lowest

50 No No Mild** No No Lowest

100 No Yes Mild** No No Lowest
Cadmium 12.5 Yes Yes Mild** Yes No Greatest
Telluride (CdTe)

25 Yes Yes Moderate** Yes No Greatest

50 Yes Yes Severe Yes Yes Greatest

100 Yes Yes Severe Yes Yes Greatest

The results presented are from tests conducted using laboratory rats (Fthenakis et al., 1999).

*Intratracheal instillation simulating inhalation.
**Dose-related (effect was more significant at higher doses).
**BALF = bronchoalveolar lavage fluid.
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gikr)r:?nir?/ of Toxicity Tests Conducted on Selected Chemicals Used in the Production of
PV Devices
Toxicity Exposure Test
Chemical Test Type Route Species Units Concentration | References
Acetone LD50 Oral Rat mi/kg 10.7 Merck, 1996
Dichloromethane LD50 Oral Rat mi/kg 1.6 Merck, 1996
Germane LD100 Inhalation Mouse mg/m® | 610 Ullman, 1998
Hydrogen fluoride LC50 (1 hr.) Oral Rat ppm 1278 Merck, 1996
Hydrogen fluoride LC50 (1 hr.) Oral Mice ppm 500 Merck, 1996
Hydrogen fluoride LC50 (1 hr.) Oral Monkey ppm 1780 Merck, 1996
Isopropyl alcohol LD50 Oral Rat o/kg 5.8 Merck, 1996
Phosphine Lowest Lethal Inhalation Hamsters ppm 8 Merck, 1996
Concentration
Sodium hydroxide LD50 Oral Rabbits mg/kg 500 Merck, 1996
Sulfuric acid LD50 Oral Rat g/kg 2.14 Merck, 1996
Tantalum pentoxide LD50 Oral Rat mg/kg 8000 Merck, 1996
Thiourea LD50 Oral Rat mg/kg 1830 Merck, 1996
Trichloroethylene LD50 Oral Rat mi/kg 4.92 Merck, 1996
Trichloroethylene LC50 (4 hrs.) Oral Rat ppm 8000 Merck, 1996
Trichlorosilane LD50 Oral Rat a/kg 1.03 Merck, 1996
Zinc phosphide LD50 Oral Rat mg/kg  40.5-46.7 Merck, 1996

4-19



5

DISCUSSION

Potential for Impacts

Silicon cells are still the most commonly used PV cells; crystalline silicon cells are expected to
continue as the dominant type for the next 5 to 10 years (Goetzberger, et al., 2003). With respect
to silicon-based cells, the primary concerns for human health are from the use of toxic gases and
solvents during manufacturing. Arsine and phosphine gases are used in the production of silicon-
based cells. The potential impacts are primarily at the manufacturing facilities for workers and
for nearby residentsif accidents occur. The completed, installed silicon-based cells pose
minimal risks to human health or the environment. Arsine and phosphine gas are also used in the
manufacture of GaAs cells and some new high-performance cells for space applications currently
under development. Research is underway to improve efficiency of amorphous-silicon cells and
to reduce their manufacturing costs (Andersson and Jacobsson 2000).

The expected future trend in the PV industry is to produce more thin-film PV cells, which have
the potential for higher energy efficiency and hence lower cost per unit of electricity generated.
Of the compound thin-film PV cells, CdTe (cadmium telluride) and CIS (copper indium
selenide) are the most likely to be produced on alarger scale in the near future (Andersson and
Jacobsson, 2000). As discussed in Section 2, both CdTe and CIS modules are commercially
produced, but in 2001 they represented less than 1 percent of the market for PV cells. Other
types of thin film cells expected to have increased production in the future include amorphous
silicon cells and CIGS (copper indium gallium diselenide) (Goetzberger et al., 2003).

Cadmium is potentially of concern with the thin-film technologies. Cadmium compounds are
used in CdTe, CIS, and CIGS (copper indium gallium selenide) cells, athough in very small
guantities in the latter two types of cells. (Cadmium compounds are not used by amorphous
silicon and crystalline silicon cells or GaAs cells.) CIS and CIGS cells can be made with or
without atop CdS layer. Use of cadmium can generate cadmium-containing wastewater, and
possibly cadmium fumes and dusts. Tests using standard leaching protocols show that cadmium
could be leached out of crushed CdTe modules, although these tests overestimate leaching from
intact cells. Recent tests on CdTe and CIS modules show that Cd concentrations were below the
TCLP limit. Research is ongoing to reduce the quantity of cadmium used in manufacturing the
cells by improving the deposition processes and in the final cell layers.

At completed installations of photovoltaic systems for power generation, the potential for
chemical releases appears to be small since the chemicals are present in the sealed PV modules.
Releases are likely to occur only due to fires or other unusual accidents. Cadmium could be a
potential concern in this setting with thin-film technologies, as would arsenic and zinc to alesser
extent. Other chemicals that have inhalation toxicity factors are present only during the



Discussion

manufacturing process. Leaching of metals from the installed modulesis not likely to be a
concern, as documented in a study by Steinberger (1998). Leaching from small cellsused in
electronic devicesis also unlikely to be a concern, given the small amounts of chemicals present
and the sealed nature of the devices.

Data Gaps

Little information on disposal of used photovoltaic modules was available. Leaching tests using
standard EPA protocols have been conducted on two types of cells containing cadmium, but not
on the other types of cells. Copper was not analyzed in the available leaching tests. Both
cadmium and copper are a potential concern to biota due to their acute toxicity, depending on the
conditions in a given waterbody and the specific type of biota. Leaching tests with water in a
“runoff” scenario and a “broken cell” scenario would better represent likely conditions.

Recycling is expected to be the preferred disposal option for spent PV modules in the future, in
order to minimize the potential for environmental impacts, reduce disposal costs of spent
modules, and recover source metals. Continuing research is needed to determine feasible
methods of recycling modules from geographically diverse areas and multiple individual parties.

Comparison of the potential for impacts at PV manufacturing plants making different types of
PV cells could be quantitatively assessed if information were available on the actual amounts of
waste streams generated during the manufacturing process and their composition. The quantities
of wastes from the TRIS inventory provide total masses of chemicals, and not concentrations in
the particular wastestreams. Past measurements of afew chemicals in wastewater from
integrated circuit plants were available from 1982 (Vagliasindi and Poulsom, 1994), but this
information would not represent present conditions. Assessment of human health and
environmental impacts require data on concentration of the chemical in agiven media(e.g., air
or water). Thisinformation is also needed to predict the fate of the compounds in surface or
groundwater.
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Information on Companies Listed as Photovoltaic Module Manufacturers

Zip PV Materials
Company State | City Address Code Phone Web Address Contact Produced/Developed | Comments
Photocomm, AZ Scottsdale 7681 E. Gray Rd. | 85260- | 800- www.kyocera.com NA Crystalline silicon They are now part of
Inc. (now 3469 223- cells and modules Kyocera America, Inc..
Kyocera 9580 Kyocera manufactures
America, Inc.) the cells and modules in
Japan and has them
shipped to the USA.
SunCat Solar AZ Phoenix 17626 N. 33rd 85032 602- www.users.uswest.net/~tkreider NA Solar cars, balloons, Information was
PI. 404- and boats obtained from the web
4929 site. Unable to contact
the company at phone
number given. There is
no listing for them in
directory assistance.
They put together
modules and sell solar
items. It appears that
they do not make any
PV materials.
Global Solar AZ Tucson 5575 S. 85747 520- www.globalsolar.com Janel Thin-film copper They manufacture the
Energy, L.L.C. Houghton Rd. 546- Funke indium gallium PV cells that they use in
6313 diselenide (CIS, their Tucson, AZ plant.
CIGS) cells and Have done some large
modules projects for the
government.
Solar Cells, AZ Phoenix 4050 East Cotton | 85040 602- www.firstsolar.com NA Cadmium telluride They manufacture their
Inc. (name Center 414- cells and modules own PV cells (cadmium
changed to 9300 telluride). Everything is
First Solar, manufactured on-site.
Inc.)
Atlantis Energy | CA Sacramento | 9275 Beatty 95820 916- www.atlantisenergy.com Joe Monocrystalline Do not manufacture their
Systems Drive 438- Morrisey silicon modules own photovoltaic cells
2930 (system integrator). The
PV cells they use are
provided by Astropower,
Inc. in Delaware and
Shell Solar in California.
International CA Inglewood 8635 Aviation 90301 310- Wwtinc.comw.is NA Copper indium They are a technology
Solar Electric Blvd. 216- diselenide modules demonstration company
Technology, 1423 involved with the
Inc. development of CIS
modules. They do not
manufacture any
photovoltaic materials.
Kyocera CA San Diego 8611 Balboa 92123 858- www.kyocera.com Al Panton Crystalline silicon Kyocera manufactures
America, Inc. Avenue 576- cells and modules the cells and modules in
2647 Japan and has them

shipped to the USA.
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Information on Companies Listed as Photovoltaic Module Manufacturers

Zip PV Materials
Company State | City Address Code Phone Web Address Contact Produced/Developed | Comments
Photovoltaics CA Santa Clara 3500 Thomas 95054 408- NA NA NA Unable to contact the
International, Rd., Suite E 986- company at phone
LLC 9231 number given. There is
no listing for them in
directory assistance.
Siemens Solar CA Camarillo 4650 Adohr Lane | 93010 805- www.shell.com/home/Framework?SitelD=ShellSolar | Arthur Crystalline silicon and Pioneered the use of
Industries (part 482- Rudin Copper indium photovoltaics in power
of Shell Solar 6800 diselenide modules plants. Developed a 1
in 2002) megawatt plant for
Southern California
Edison and a 6.5
megawatt plant for
PG&E.
Solec CA Carson 970 East 236 St. 90745 310- www.sanyo.com/aboutsanyo/corp_pro_man_sil.cfm NA Crystalline silicon Do not manufacture their
International, 834- modules own PV cells.
Inc. 5800
Now part of
Sanyo Corp.)
Spectrolab, Inc. | CA Sylmar 12500 Gladstone | 91342 818- www.spectrolab.com Ron Gallium arsenide They are involved in the
Avenue 898- Diamond modules use of gallium arsenide
2802 modules for concentrator
systems. Do not
manufacture their own
PV cells.
TECSTAR, Inc. | CA City of 15251 Don 91745- | 818- NA NA In past - Silicon, The cells that they
(became Industry Julian Rd. 1002 968- gallium arsenide, and produce are primarily
Applied Solar 6581 multijunction solar used by the space
Energy Group) cells (cascade space industry. (company may
cells) no longer exist as
separate unit)
Utility Power CA Chatsworth 9410-G Desoto 91311 818- NA NA In past -Crystalline Do not manufacture their
Group, SECO Avenue 932- silicon modules own PV cells. They are a
Company 9480 distributor for Kyocera
America, Inc. (may no
longer exist).
Materials CO Wheat 12441 W. 49th 80033 720- NA NA Deposition systems Do not manufacture any
Research Ridge Avenue 480- for manufacturing PV materials.
Group 4313
AstroPower, DE Newark 231 Lake Drive 19702 302- Www.astropower.com Ginger Multicrystalline silicon They manufacture their
Inc. 366- Curtis cells and modules own PV cells (crystalline
0400 silicon). Everything is
manufactured on-site.
lowa Thin Film 1A Boone 2337 230" St. 50036 515- www.iowathinfilm.com Derrick Thin-film amorphous They manufacture their
Technologies 292- Grimmer silicon cells own PV cells
1922 (amorphous silicon - roll

to roll process).
Everything is
manufactured on-site.
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Information on Companies Listed as Photovoltaic Module Manufacturers

Zip PV Materials
Company State | City Address Code Phone Web Address Contact Produced/Developed | Comments
Midway Labs, IL Chicago 350 N. Ogden 60607 312- NA NA Low cost concentrator | Information was
Inc. 432- PV modules (silicon obtained from web site.
1796 modules) Unable to contact
anyone at the lab. Could
not identify where they
get their solar cells.
ASE Americas, MA Billerica 4 Suburban Park | 018121 | 978- Www.asepv.com Terry Crystalline silicon They manufacture their
Inc. (renamed Drive 667- Fontannay | modules and cells; own PV cells (crystalline
RWE Schott 5901 Crystalline EFG silicon). Everything is
Solar, Inc.) ribbon silicon cells manufactured on-site.
Crystal MA Salem 27 Congress 01970- | 978- www.crystalsystems.com Chandra Multicrystalline silicon They produce the
Systems, Inc. Street 5597 745- Khattak ingot production furnaces used to make
0088 systems solar-grade silicon
materials.
Evergreen MA Marlboro 259 Cedar Hill 01752 508- www.evergreensolar.com NA Crystalline silicon Product information
Solar, Inc. St. 357- Modules obtained from website.
2221
Spire MA Bedford One Patriots 01730- | 781- Www.spirecorp.com Steve PV manufacturing They manufacture the
Corporation Park 2369 275- Hogan equipment equipment to make PV
6000 materials.
BP Solar MD Frederick 630 Solarex 21701 301- www.bpsolar.com Dan Crystalline and They produce
Corporation Court 698- Johnson polycrystalline silicon polycrystalline silicon
(formerly BP 4200 cells and modules. cells at the Frederick,
Solarex) CdTe cells prior to MD plant. They are part
11/2002. of BP Solar which
produces four types of
PV cells at their different
plants.
United Solar Ml Auburn Hills | 3800 Lupeer Rd. | 48326 248475- | www.uni-solar.com Miranda Thin-film amorphous They manufacture their
Systems 0100 Casey silicon cells and own PV cells (thin-film
Corp./Energy modules amorphous silicon).
Conversion Everything is
Devices (now manufactured on-site.
United Solar Have done large projects
Ovionic Corp.) (200 megawatt steel
plant).
Keep It Simple MT Helena 32 S. Ewing, 59601 406- www.wildwestweb.com Deanna Specialty modules for The crystalline silicon
Systems (now Suite 330 442- Thompson | powering and modules that they sell
Power Line 3434 charging computers are manufactured in
Solar Products) (crystalline silicon) China.
Energy NJ Princeton P.O. Box 7456 08453 609- Www.epv.net Dolores Thin-film amorphous They manufacture their
Photovoltaics, 587- Phillips silicon cells and own PV cells (thin-film
Inc. 3000 modules; PV factory amorphous silicon).

equipment

They also develop
equipment and factories
that produce PV
materials.
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Information on Companies Listed as Photovoltaic Module Manufacturers

Zip PV Materials
Company State | City Address Code Phone Web Address Contact Produced/Developed | Comments
Hoxan NJ Piscataway One Centennial 08854 908- NA NA NA Unable to contact the
America, Inc. Plaza, #3F 980- company at phone
0777 number given. There is
no listing for them in
directory assistance.
Carrizo Solar NM Albuquerque | 1320 12th Street | 87104 505- NA NA NA Unable to contact the
Corporation NwW 764- company at phone
0345 number given. There is
no listing for them in
directory assistance.
Sunwize NY Kingston 1155 Flatbush 12401 845- WWW.sunwize.com NA Polycrystalline Si They make solar
Energy Rd. 336- Modules, batteries, modules, solar batteries,
Systems, Inc. 0146 and dc-to-ac inverters and other related
products. Information
obtained from their
website.
Ebara Solar, PA Belle 12 Airport Rd. 15012 721- www.ebarasolar.com Dick Dendritic web silicon; They will be
Inc. Vernon 379- Rosey Crystalline silicon manufacturing all of their
3000 modules own PV materials in
2001.
ENTECH, Inc. X Keller 1077 Chisolm 76248 817- www.entechsolar.com Bob PV modules They do not produce the
Trail 379- Walters (specialize in the use PV cells they use in their
0100 of Fresnel lens modules. The cells are
concentrator) bought from others.

*The companies contacted were included on the PV directory list from the U.S. Department of Energy's Photovoltaics Program.

Thelist can be found at http://www.eere.energy.gov/pv/contacts.html. Updated as of 9/03.
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Physical and Chemical Properties of Selected Chemicals and Compounds Used in Photovoltaic Cells

Molecular
Weight

Chemical CAS (g/mol) Water Solubility Vapor Pressure | Description Comments

Acetone 67-64-1 58 1000000 mgl/L; Volatile, highly Keep away from fire; LD50
miscible with water flammable liquid; (orally) in rats - 10.7 ml/kg

pungent odor, sweetish
taste

Aluminum 7429-90-5 | 26.98 Insoluble in water Silvery white, ductile Finely divided aluminum dust is

metal easily ignited and may cause
explosions.

Ammonia 7664-41-7 | 17.03 47% at 0 deg C; 31% | 8.5 atm at 20 deg Colorless gas; very Mixtures of ammonia and air
at 25 deg C; 28% at C pungent odor will explode under favorable
50deg C conditions; corrosive, alkaline

gas; good solvent for many
elements and compounds

Ammonium 13826-83- | 104.84 25 g/100 cc water at 0.001 Ib/sq inch at | White, rhombic crystals | Corrosive to aluminum; soluble

fluoroborate 0 16 deg C; 97 g/100 cc | 100 deg F in ammonium hydroxide
water at 100 deg C

Arsine 7784-42-1 | 77.95 Slightly; 28 mL/100 g Colorless, neutral gas; | On exposure to light, moist
water (760 mm) at 20 disagreeable garlic arsine decomposes quickly
degrees C odor depositing shiny black arsenic;

human inhalation - TCLo - 3
mL/m’, LCLo (30 min) - 25
mL/m® TCLo - 93 uL/m®

Cadmium 7440-43-9 | 112.41 Insoluble in water 1 mm Hg at 394 Silver-white blue- Tarnishes in moist air.

deg C tinged lustrous solid; Becomes brittle at 80 deg C
malleable; odorless.

Dichloromethane 75-09-2 84.93 Soluble in about 50 Colorless liquid Vapor is not flammable and
parts water when mixed with air is not

explosive; LD50 (orally) in rats
- 1.6 ml/kg
Diborane 19287-45- | 27.67 Hydrolizes quickly; 224 mm Hg at 112 | Colorless, flammable Reacts with NH, to form
7 Hydrolizes in waterto | deg C gas; repulsive, sickly- diborane diammoniate; reacts

H,BO,.

sweet odor

slowly with Br, and explosively
with Cl, to form boron halides;
reacts with hydrocarbons or
organoboron compounds to
give alkyl- or aryl- boron
compounds
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Physical and Chemical Properties of Selected Chemicals and Compounds Used in Photovoltaic Cells

Molecular
Weight
Chemical CAS (g/mol) Water Solubility Vapor Pressure | Description Comments
Ethyl acetate 141-78-6 88.11 More soluble at lower 93.2 mm Hg at 25 Clear, volatile,
temperatures and less | deg C flammable liquid;
soluble at higher agreeable odor;
temperatures; 7.87 pleasant taste when
0/100 g water at 18 diluted / bittersweet,
deg C wine-like burning taste
Ethyl vinyl acetate Acetaldehyde is a hydrolysis
product of vinyl acetate
Gallium 7440-55-3 | 69.72 Reacts with alkalies to Grayish metal or Reacts with alkalies with
evolve H, silvery white liquid evolution of hydrogen; readily
attacked by halogens
Germane 7782-65-2 | 76.64 Colorless gas LD100 (mouse inhalation) -
610 mg/m°
Germanium 7440-56-4 | 72.59 Insoluble in water 0 mm Hg at 25 deg | Grayish-white, Relatively stable, unaffected by
C lustrous, brittle air, becomes oxidized above
metalloid 600 deg C
Germanium 148.6 Hydrolizes in water to Colorless gas; odor of | Thermally stable up to about
tetrafluoride GeO, and H,GeF,. garlic 1000 deg C
Hydrochloric acid 7647-01-0 | 36.46 82.3 g/100 g water at Fumes in air (may be Causes corrosive burns to skin
(hydrogen chloride) 0deg C; 67.39/100g colored yellow by
water at 30 deg C; traces of iron, chlorine,
56.1 g/100 g water at and organic matter);
60 deg C suffocating odor
Hydrogen 1333-74-0 | 2.016 0.0182 v/v at 20 deg Colorless gas Flammable gas;explosive
C when mixed with oxygen,
chlorine, or air
Hydrogen fluoride 7664-39-3 | 20.006 Very soluble in water Colorless, fuming, Highly irritating, corrosive, and

mobile liquid; solid
phase is HF

poisonous; Anhydr HF is one
of the most acidic substances
known; LC50 (1 hr) in rats,
mice, monkeys: 1278, 500,
1780 ppm by inhalation
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Physical and Chemical Properties of Selected Chemicals and Compounds Used in Photovoltaic Cells

Molecular
Weight
Chemical CAS (g/mol) Water Solubility Vapor Pressure | Description Comments
Hydrogen sulfide 7783-06-4 | 34.08 In water, 3980 mg/l at | 1.56X10* mm Hg Colorless gas; strong Extremely hazardous gas
20deg C at25deg C odor of rotten eggs; which can be immediately life
sweetish taste. threatening at high
concentrations (300 mg/m® or
200 ppm).
Indium 7440-74-6 | 114.82 Unaffected by water Soft, white metal with Quite stable in air; very
bluish tinge resistant to alkalies
Isopropyl alcohol 67-63-0 60.09 Miscible with water Flammable liquid; LD50 (orally) in rats - 5.8 g/kg
slight odor resembling
that of a mixture of
ethanol and acetone;
slightly bitter taste (not
potable)
Methanol 67-56-1 32.04 1163000 mgl/L; Flammable, poisonous, | Usually is a better solvent than
miscible with water mobile liquid; slight ethanol; dissolves many
alcoholic odor when inorganic salts
pure; crude material
may have a repulsive,
pungent odor
Nitric acid 7697-37-2 | 63.01 Miscible with water 62 mm Hg at 25 Transparent, colorless | Corrosive; attacks almost all
deg C or yellowish liquid; metals; reacts violently with
characteristic choking alcohol, turpentine, charcoal,
odor organic refuse
Phosphine 7803-51-2 | 34 Slightly soluble in 20 atmat3deg C Poisonous gas; almost | Combines violently with
water (0.26 vol @ 20 odorless in purest form | oxygen and halogen; forms
deg C). but odor of decaying phosphonium salts when
fish when occurring brought in contact with halogen
industrially acids; lowest lethal
concentration for hamsters
(inhalation) - 8 ppm
Silane 7803-62-5 | 32.12 Slowly decomposes in Colorless gas, Pyrophoric gas; self ignites in
water repulsive odor air or an atmosphere of
chlorine
Silicon nitride 12033-89- | 140.28 Gray, amorphous Used as high temperature
5 powder or crystal engineering material for use in

gas turbines, diesel engines
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Physical and Chemical Properties of Selected Chemicals and Compounds Used in Photovoltaic Cells

Molecular
Weight
Chemical CAS (g/mol) Water Solubility Vapor Pressure | Description Comments
Silicon tetrafluoride 7783-61-1 | 104.08 Hydrolyzed by water; Colorless gas; very Forms heavy clouds with moist
Decomposed by water pungent odor air
into silic acid and HF
Sodium hydroxide 1310-73-2 | 40 29.6 g/100 g water at White solid; fused solid | Corrosive to animal and

0deg C; 53.3g/100 g with crystalline fracture | vegetable tissue; corrosive to

water at 25 deg C; aluminum metal in the

77.6 g/100g water at presence of moisture;

100 deg C generates considerable heat
when dissolving or when mixed
with an acid; LD50 (orally) in
rabbits - 500 mg/kg

Sulfuric acid 7664-93-9 | 98.08 Miscible with water Clear, colorless, oily Very corrosive; absorbs
liquid moisture from atmosphere; can
char organic materials; LD50
(orally) in rats - 2.14 g/kg
Tantalum pentoxide 1314-61-0 | 441.89 Insoluble in water White, microcrystalline, | LD50 (orally) in rats - 8000
infusible powder mg/kg
Tellurium 13494-80- | 127.6 Insoluble in water Grayish-white, Burns in air with a greenish-

9 lustrous, brittle, blue flame, forming the dioxide;
crystalline solid, reacts with nitric acid;
hexagonal, combines with halogens
rhombohedral
structure, or dark-gray
to brown, amorphous
powder with metal
characteristics

Thiourea 62-56-6 76.12 Soluble in 11 parts 2.8X107(-3) mm Crystals Forms addition compounds
water; 10 g/100 g Hg at 25 deg C; with metallic salts; LD50 (oral)
water at 20 deg C 8.85X107(-4) mm in Norway rats - 1830 mg/kg

Hg at 93.9deg C
Tin 7440-31-5 | 118.69 Insoluble in water 1 mm Hg at 1492 Almost silver-white, Generally considered to be of

deg C

lustrous soft, very
malleable & ductile
metal; highly
crystalline; odorless.

low toxicity
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Physical and Chemical Properties of Selected Chemicals and Compounds Used in Photovoltaic Cells

Molecular
Weight
Chemical CAS (g/mol) Water Solubility Vapor Pressure | Description Comments
Titanium 7550-45-0 | 189.73 Soluble in cold water 10 mm Hg at 20 Colorless or light Absorbs moisture from air;
tetrachloride deg C; 9.6 mm Hg | yellow liquid,; decomposed by hot water.
at22deg C penetrating acid odor;
corrosive.
Toluene 108-88-3 92 526 mg/L Flammable, refractive LD50 (orally) in rats - 7.53 g/kg
liquid; benzene-like
odor
Trichloroethylene 79-01-6 131 0.11 g/100 g of water Nonflammable mobile Slowly decomposed by light in
at25deg C liquid; odor resembling | the presence of moisture;
that of chloroform LD50 (orally) in rats - 4.92
ml/kg; LC (4 hrs) in rats - 8000
ppm
1,1,1-Trichloroethane | 71-55-6 133 1330 mg/L Nonflammable liquid Absorbs some water
Trichlorosilane 10025-78- | 135.45 Decomposed by water | 400 mm Hg at 14.5 | Volatile, mobile liquid LD50 (oral) in rats - 1.03 g/kg;
2 deg C fumes in air
Trimethyl gallium 1445-79-0 | 114.82 221.8 mm Hg at 25 Fire risk as it may ignite
deg C; 64.5 mm spontaneously in air.
HgatOdeg C
Vinyl acetate 108-05-4 86.09 20,000 mg/l @ 20 deg | 90.2 mm Hg at 20 Clear, colorless, Possibly carcinogenic to
C deg C mobile liquid. Initially humans (Group 2B)
pleasant odor which
quickly becomes sharp
and irritating.
Zinc 7440-66-6 | 65.38 1 mm Hg at 487 Bluish-white lustrous Fair conductor of electricity
deg C; 400 mm Hg | metal, distorted
at 844 deg C hexagonal
closepacked structure
Zinc phosphide 1314-84-7 | 258.12 Insoluble in water Zero (in the dry Dark gray tetragonal LD50 (oral) in rats - 40.5-46.7

state)

crystals, lustrous or
dull powder; faint
phosphorus odor

mg/kg; reacts violently with
H,SO,, HNO,, and other
oxidizing agents; used in rat
and mice poisons

B-6




Program:

Groundwater Protection and Combustion
By-Products Management

About EPRI

EPRI creates science and technology solutions for
the global energy and energy services industry. U.S.
electric utilities established the Electric Power
Research Institute in 1973 as a nonprofit research
consortium for the benefit of utility members, their
customers, and society. Now known simply as EPRI,
the company provides a wide range of innovative
products and services to more than 1000 energy-
related organizations in 40 countries. EPRI’s
multidisciplinary team of scientists and engineers
draws on a worldwide network of technical and
business expertise to help solve today’s toughest

energy and environmental problems.

EPRI. Electrify the World

About PIER

The Public Interest Energy Research (PIER) Program
supports public interest energy research and
development that will help improve the quality of
life in California by bringing environmentally safe,
affordable and reliable energy services and products

to the marketplace.

The PIER Program annually awards up to $62 million
to conduct the most promising public interest
energy research by partnering with RD&D
organizations including individuals, businesses,

utilities and public or private research institutions.

PIER brings new energy services and products to
the marketplace and creates state-wide

environmental and economic benefits.

© 2003 Electric Power Research Institute (EPRI), Inc. All rights
reserved. Electric Power Research Institute and EPRI are registered
service marks of the Electric Power Research Institute, Inc.

EPRI. ELECTRIFY THE WORLD is a service mark of the Electric
Power Research Institute, Inc.

@ Printed on recycled paper in the United States of America

1000095

EPRI « 3412 Hillview Avenue, Palo Alto, California 94304 < PO Box 10412, Palo Alto, California 94303 < USA
800.313.3774 -« 650.855.2121 « askepri@epri.com * www.epri.com



	INTRODUCTION
	Background
	Objectives
	Report Organization

	OVERVIEW OF THE PHOTOVOLTAIC INDUSTRY
	Development of Photovoltaic Cells
	Design of Photovoltaic Modules
	Growth of the Photovoltaic Industry
	Uses of PV Systems

	HANDLING OF CHEMICALS USED IN PHOTOVOLTAIC SYSTEMS
	Chemicals Used in the Production of Photovoltaic Cells
	Chemicals Disposed by Photovoltaic Manufacturing Facilities
	Air Emissions
	Off-Site Treatment
	Off-Site Disposal

	Recycling of Photovoltaic Modules
	Waste Minimization

	POTENTIAL HEALTH AND ENVIRONMENTAL CONCERNS
	Introduction
	Potential for Human Health Effects
	Relative Toxicity and Carcinogenicity of Photovoltaic Chemicals
	Chemicals with Drinking Water Standards
	Chemicals with Air-Related Exposure Levels
	Preliminary Remediation Goals for Chemicals Used in the PV Industry

	Potential for Human Health Risks Associated with PV Devices
	Potential for Effects at Manufacturing Facilities
	Potential for Hazards at PV Installations
	Potential for Hazards at Landfills with PV Modules

	Relative Toxicity to Biota

	DISCUSSION
	Potential for Impacts
	Data Gaps

	REFERENCES



